flasks, which had been impossible with only the one light setup. Additional experiments
could also be run concurrently with growing the pilot tank inoculum.

With the addition of the second light setup, the scale-up growth process from 1L
flasks to pilot tank was vastly improved. Instead of taking a couple weeks to get ready to run
a test in the pilot tank, it can be restarted the next day. The improvement in the lab growth
process together with the use of the centrifuge for harvesting means that an experiment in the

pilot tank can easily be completed every 8-10 days.

Figure 3.11: Updated lighting setup in the lab.

3.5.2 Pilot Tank Tests

Though the pilot scale tank was designed to hold 100 gallons of water, due to
transportation issues with getting the wastewater from FEV to the EET lab, the pilot tests
were run with approximately 60-65 gallons of water. Initially, the plan was to have FEV
deliver the wastewater to EET in 100 gallon containers when needed. Unfortunately, legal
issues on FEV side of things did not allow this to happen. Transportation of the wastewater
from FEV to EET had to be done using the 20L carboys, as described in Section 4.7. With
the amount of carboys available and storage in the 55-gallon drum at EET, it was much

easier to work with around 60 gallons rather than filling the tank to the full 100 gallons as
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originally planned. Using the smaller volume allowed for storage of the wastewater in a
single 55-gallon drum and required only one trip to FEV per growth experiment for water.

The tank was filled with 55 gallons of wastewater and 7-8 gallons of algae culture
grown in the lab. This gave a slightly higher than 10% inoculation and resulted in a total
volume of 62-63 gallons. The initial depth of the media was around 3.50 to 3.75 inches (8.9
to 9.5 cm), which is still deeper than the lab experiments in the 10L tanks. A large amount of
evaporation was seen in the pilot tank as with the open tanks in the lab. The decrease in the
depth was monitored throughout all tests to determine the rate of evaporation.

The light, temperature and aeration were essentially unchanged due to the smaller
tank volume. For the lights, the level of light reaching the water surface was verified and the
lights were lowered an inch or two to achieve the proper light level. With the smaller volume
the heaters did not have to work as hard to heat the tank. No adjustments were need as the
heaters self regulate to the set temperature. Aeration was unchanged from the 190L per
minute, though it should have been lowered to maintain the same level as was used in lab
scale testing. As shown in the work in Section 4.3, the amount of CO, provided by 190L/min
in 3.5-inches of water is significantly lower than what the water could absorb. The higher
aeration rate in the pilot tank helps with mixing.

The plan was to run the pilot tank for at least two weeks per test depending on how
the algae grew. In the lab most of the tests, ran for 2-3 weeks. However, by day ten of the
first pilot scale run, the algae had begun to die off and water level had dropped substantially.
This led to an odor being given off that was very unpleasant to work around. To avoid this
with future tests, the ventilation system was added as described in Section 4.5 and all future
experiments were ended by day 7. This was not a major issue as the algae showed rapid
growth and nutrient removal; see results in Chapter 4, Section 2.

The scale up calculations in Sections 3.1 and 3.2 are based on a 100-gallon growth
media volume and 14 days of growth. When using only 60-65 gallons and only 7 days of

growth, the theoretical yields are calculated as shown in Table 3.5.
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Table 3.5: Theoretical yield at 60 gallons and 7 days growth.

Best Case Realistic Case
Growth Rate (g/L/day) 0.0583 0.0379
Algae Yield (g) 92.7 60.3
Oil Yield (g) 44.0 12.1

3.5.3 Light and Temperature Tests

One of the main goals of this thesis work was run a series of growth tests on the algae
varying the light and temperature of the growth environment at the pilot scale. These tests
were designed to determine the light and temperature combination at which the algae grow
best. To achieve this, three temperatures and two light levels were selected for testing. The
three temperatures were 21°C (70°F), 25°C (77°F), and 30°C (86°F). These temperatures
were selected based on information gathered in the literature review on the ideal growth
conditions for Scenedesmus, and also on tests conducted by other researchers at the lab scale.
The light levels tested were 21W/m? and 42W/m?. These levels are still quite low compared
to outdoor insolation at midday which ranges from 200W/m?” in the winter to over 700W/m>
in the summer in Rochester, NY [37]. Though it was the goal to achieve lighting levels
comparable to outdoor lighting levels, it is nearly impossible without very expensive
specialty lights. Six tests runs were conducted to test each combination of light and

temperature, see Table 3.6.

Table 3.6: Temperature and Lighting for pilot scale tests.

Test Temperature (°C) Lighting (W/mz)
1 21 21
2 21 42
3 25 21
4 25 42
5 30 21
6 30 42
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3.5.4 Sampling Procedure

The pilot tank was sampled prior to the algae being added and every couple days
during the algae growth period. For “pretest” sample before the algae inoculate was added,
one 50ml centrifuge tube was filled. Using this sample, the nutrient levels and pH were
tested. Once the algae were added, two 50ml centrifuge tubes were filled every couple days
for optical density, dry weight, nutrient levels, and pH readings. One tube was filled at each
end of the tank in case there was any difference between places in the tank. The tank should
always be well mixed due to the aeration, but just to be safe two samples were taken. These
samples were taken on day 0, 2, 4, and 7 for most of the pilot scale tests. At the same time
the samples were taken, water depth, and temperature were also recorded. The samples were
then taken back to the RIT lab for tests.

In the lab, the samples were processed as described in Section 2.1 for nutrient levels,
and pH. Unlike at the small scale, optical density was measured at 540nm and 680nm. Both
wavelengths are published in the literature and measuring at both verified that there is not a
large difference in measurement between the two wavelengths. For the OD, readings the
spectrophotometer was blanked using distilled water as before. Then a reading from each of
the two 50ml samples was taken at 540nm. The two readings were averaged together to get
the final OD reading. The process was then repeated with the spectrophotometer set to
680nm.

After OD readings were completed, the 50ml samples were centrifuged for 10
minutes to separate the algae from the water. The water was transferred to new tubes after
centrifugation. The leftover algae biomass was then weighed to obtain a wet weight for the
sample. The biomass was then dried in a 37°C incubator overnight before taking a dry weight
reading. The water was tested from nutrient levels and pH following the procedures

described in Section 2.1 and Appendix A.

3.5.5 Total and Fecal Coliform Tests

To see if the algae were cleaning the wastewater in ways other than just decreasing
the ammonia, nitrate, and phosphate levels, the total and fecal coliforms were cultured at
days 0, 2, 4, and 7 of Test 4. An additional tube of 50ml was gathered for this testing, when

the regular samples were taken. Coliform counts are an indication of how sanitary the water
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is from a bacterial aspect. The nutrients removal is very important to discharge wastewater to
the environment, but coliform counts are another important aspect of water quality.

The total coliform test was performed as follows. 10ml wastewater samples were
inoculated into five tubes with double strength lauryl tryptose broth. 1ml samples were
inoculated into five tubes with single strength lauryl tryptose broth, and 0.1ml samples into
five tubes with single strength broth. The tubes were incubated for 24hrs at 37°C. After
24hrs, the durham tubes were examined for gas bubbles. Any tubes with gas formation were
recorded. Those negative for gas formation were incubated for another 24hrs. The tubes were
then again checked for gas formation. In tubes positive for gas formation, a 0.1ml sample
was transferred to brilliant green bile lactose broth. The brilliant green bile lactose tubes were
then incubated at 37°C for 24hrs. The durham tubes were examined for gas bubbles. The
tubes positive for bubbles were then streaked on EMB plates. The EMB plates were
incubated for 24hrs at 37°C. After 24hrs, the EMB plates were examined for metallic green
colonies, which are indicative of E. coli. The MPN for total coliforms was then determined.

For determining fecal coliform counts, 10ml wastewater samples were inoculated into
five tubes with double strength A-1 broth. 1ml samples were inoculated into five tubes with
single strength A-1 broth, and 0.1ml samples into five tubes with single strength broth. The
tubes were then incubated at 35°C for 3hrs. After 3hrs, the samples were transferred to a
44.5°C incubator and kept there for 21hrs. The tubes were then read for growth and gas
production. The MPN of fecal coliforms was then determined per 100ml. Results of these

tests are explained in Chapter 4, Section 2.2.

3.5.6 Harvesting and Dewatering

Harvesting and dewatering the algae was conducted by gravity separation and
evaporation with the pilot scale tank. The algae/water mixture was pumped out of the tank at
the end of each run into a blue plastic 55-gallon drum. The mixture was then left for a couple
days to allow the algae to settle to the bottom of the barrel naturally. Algae that were left on
the bottom of the pilot tank were scrapped up and collected in a 20L HDPE tank. This
biomass was taken back to the RIT lab to continue drying. After a couple days settling, the
bottom layer containing a high concentration of algae was pumped out of the barrel and taken

back to the RIT lab. This process was continued until a high concentration of algae was not
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seen in the bottom layer of the barrel. The water not containing algae was then discarded. At
the RIT lab, the algae/water mixture was placed in 10L and 20L HDPE tanks. The same as
those used in the growth experiments. These tanks were placed in the fume hood and allowed
to evaporate until most of the water was gone. Once an algal sludge was left at the bottom of
the tank, the biomass was transferred to a smaller container and placed in the 37°C incubator
to completely dry. This process is effective, but biomass was lost in each step of the process
(55-gallon drum, 10L tank, small drying container) and it took over a week to complete the
process. A continuous centrifuge was ordered but did not arrive in time to be used with these
tests. The centrifuge should be able to rapidly separate the algae from the water as it is
pumped from the tank reducing processing time from over a week to a day or two to fully dry

the algae.

3.6 Extraction and Esterification Reactions
At the small scale several different extraction and esterification reactions were tested.
Reactions tested included single step, direct transesterification, and two step, extraction then

transesterification. Different oil extraction methods and reaction catalysts were also tested.

3.6.1 Lab Scale Extractions

Three extraction procedures were tested in the lab. Each extraction technique uses 1g
of dry algae and is based on the Bligh and Dyer extraction.

The first procedure tested is as follows. It was a direct transesterification reaction
from algae to biodiesel. 10g of wet algae was ground in a mortar and pestle for 5 minutes.
The algae paste was then spread in a thin layer and dried at 37°C for 30 minutes. After
drying, 20ml of hexane and 20ml of ether were added. This solution was allowed to sit for 24
hours. The hexane and ether were then evaporated in the fume hood. In a separate beaker,
0.25g of KOH was added to 24ml of methanol and mixed for 20min. The algae mixture was
then added to the solution. The solution was stirred for 3hrs. After 3hrs, the solution was
transferred to a separatory funnel and allowed to separate overnight (approximately 12-
16hrs). The top layer which is the biodiesel was decanted off and washed with dH,O several

times to remove pigments and any contaminants.
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The second small scale extraction uses a procedure adapted from research by Johnson
and Wen [52]. Starting with 1g of dry algae in a mortar and pestle, SmL of distilled water
(dH,0), 6ml of chloroform, and 12ml of methanol was added. Mixture was ground for 5
minutes, and then poured into 50ml centrifuge tube. Mortar and pestle were rinsed with an
additional 6ml of chloroform and 6ml of dH,O. The chloroform and water was then added to
centrifuge tube. Tube was centrifuged for 10 minutes at 3500rpm. The contents of the tube
separated into three distinct layers, see Figure 3.13. The top layer contained mostly methanol
and water. The middle layer was made up of the algae biomass (non-lipids). The bottom
layer contained mostly chloroform and lipids. The bottom layer was transferred to a new tube
and solvents were evaporated under the fume hood for overnight. The oil (lipids) was then
transferred to a pre-weighed vial and weighed. This weight was used to determine lipid

content by Equation 3.23. The oil can then be used in the transesterification reaction.

Figure 3.13: Lipid Extraction after centrifugation. Three distinct layers are present with the
dark bottom layer containing the lipids.
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M,
ol x100=LC% (3.23)

biomass

Where, M,; is the mass of extracted o0il, Mpjomass 1s the mass of the initial algae biomass, and
LC is the percent lipid content.

The third small scale extraction procedure tested was based on the Johnson and Wen
procedure as well, but also combined steps used by Mulumba in the long extraction
procedure described in his master’s thesis [52, 62]. Mulumba’s unmodified procedure is
given in Appendix D.1. The modified procedure is as follows. Starting with 1g of dry algae,
biomass was crushed in a mortar and pestle until it was finely powdered (5-10 minutes). The
powder was poured into a 125ml beaker. The mortar and pestle was rinsed with 6ml
chloroform and 5ml dH,0O, and the liquid was added into beaker with the algae. 12ml of
methanol were added to beaker. A stir bar and cover were added to the beaker and it was
placed on a stir plate in the fume hood. The contents of the beaker were stirred overnight.
The mixture with all algae biomass was then filtered through 2.5um filter paper (Whatman
grade #5), using a 125ml Buchner flask, and 90mm Buchner funnel under vacuum. The
beaker and filter were then rinsed with an additional 6ml of chloroform and 6ml of dH,O.
The contents of the Buchner flask were then added to a 50ml centrifuge tube. The tube was
centrifuged for 10 minutes at 3500rpm. Two layers formed, similar to the previous technique
but without the middle biomass layer which had been removed by the filtering step. The
bottom layer was removed and transferred to new 50ml centrifuge tube. The solvents were
then evaporated under air blow in the fume hood. The oil was then transferred to a pre-

weighed vial and weighed.

3.6.2 Lab Scale Transesterification

The transesterification procedure for 10ml of oil is as follows. The oil was heated in a
250ml beaker with stir bar to 55°C. In another beaker, 0.049g of KOH was dissolved in 2ml
of methanol. The methanol/KOH mixture was added to the oil and mixed for 20-30 minutes
at 55°C. The contents were then transferred into separatory funnel and allowed to separate
for 16hrs. The top (biodiesel) layer was separated and washed 3-4 times with dH,0. The
biodiesel was then left sit for 24-48hrs after which the water should be separated along with

any contaminates.
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This procedure was used to produce biodiesel from various feedstocks including
canola, olive, and vegetable oils. The procedure was not used on any algal oil at the lab scale
because of the small amounts of lipids produced. The biodiesel from other feedstocks was
prepared to test the procedure before using algal oil and to have something to compare the

algae-based biodiesel to when run in the GC-MS.

3.6.3 Pilot Scale Extraction

The original plan was to complete the extraction process using algae produced by the
pilot scale pond in the lab at RIT using the following process. However, due to issues with
perfecting the small-scale (1-5 grams) extractions, the dried algal biomass was given directly
to Northern Biodiesel for extraction and transesterification. The following procedure was
proposed, but ultimately was not used for this thesis work.

Dried algae (50-100g) is added to a Waring blender containing glass beads and water
(500ml), chloroform (600ml), and methanol (1.2L) is added, and the entire suspension is
blended for 10-20 minutes. The suspension is then centrifuged for 10 minutes to remove cell
debris. The glass beads are washed with a 1:1 mixture of methanol and chloroform and
pooled with the previous supernatant containing algal lipids and placed in a carboy with a
spigot and allowed to sit for 12 hours to allow the solvents to evaporate and for the lipids and
water fractions to separate. The top layer of the suspension is the algal lipids, the bottom

water layer is then drawn off and any remaining water is evaporated using gentle heat.
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Chapter 4

Results

4.1 Lab Scale Results

4.1.1 Initial Growth Test

The initial growth experiments were conducted growing Chlamydomonas sp. on a
variety of growth mediums. These tests were simply to see if the algae could survive on
wastewater. Four different growth solutions were tested, Bristol’s salts solution, Bristol’s +
peptone, 50% wastewater-50% Bristol’s, and 100% wastewater. The algae was inoculated
into each solution in a 250ml flask and grown for 2-3 weeks. The growth of the algae was
monitored by simple observation. The Chlamydomonas was observed to not only survive on
the wastewater media, but actually grow very well on it.

Once it was observed that the Chlamydomonas grew well on the wastewater, two
other algae species were selected for additional testing. Scenedesmus and Chlorella were
selected and cultured, along with Chlamydomonas, on solutions of Bristol’s salts and
wastewater in the 250ml flasks. For these tests, the growth was measured by optical density
(OD). Somewhat surprisingly, all three species of algae grew better on the wastewater that
the Bristol’s solution. The results of the growth test are shown in Figure 4.1. In this test,
Chlamydomonas grew better than the other two species with all three showing good growth
for small un-aerated flasks. Figure 4.1 shows data from single flasks tested as repesentative

data from three flasks grown for each species.

70



0.8+
T
< 0.6 =8~ Chlorella WW
o
> =B Scenedesmus WW
8 0.4 =+~ Chlamydomonas WW
= -~ Chlorella BS
s 0.2 -8- Scenedesmus BS
g =&~ Chlamydomonas BS

0 3 6 9 12
Time(days)

Figure 4.1 Growth of algae species in wastewater and Bristol’s salt solution.
WW = Wastewater, BS = Bristol’s Salt.

4.1.2 Larger Flask Tests

In the 2.8L flasks with 1.2L of growth media, the algae grew substantial faster than in
the small flasks. This was due to the addition of the aeration at this larger scale. The aeration
helped to both mix the algae and replenish the dissolved CO; in the media, which is quickly
used as the algae grow. Figure 4.2 shows the growth of the three species on wastewater in
the larger flasks.

The results show that Chlorella had the highest growth out of the three species.
During the first week of growth, Chlorella and Chlamydomonas had approximately the same
growth with Scenedesmus lagging behind. By three weeks, Chlorella showed the highest
growth with Scenedesmus catching up to the growth of Chlamydomonas. These showed once
again that all three species could grow well on wastewater. The decrease in the OD of
Chlorella after three weeks is most likely attributed to the algae forming into large clumps.
This makes it very difficult to get a good optical reading. Each species of algae shows some

clumping, but Chlorella is the worst of the three.
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Figure 4.2: Growth of microalgae in aerated 2.8L Fernbach flasks. Representative data from

one of six tests. WW = Wastewater.

The specific growth rate of Chlorella, Scenedesmus, and Chlamydomonas over 20
days (21 days for Chlorella) is found to be 0.152, 0.140, and 0.141 (units of 1/day),
respectively, computed using Equation 3.1. Comparing the growth rates from experiments
conducted for this thesis work to previously published work is quite difficult. Each researcher
used different species of algae, growth conditions, and growth measurements. For example,
many researchers use OD reading to monitor the growth of algae, however, the wavelength at
which these readings are taken can vary from around 500nm to 700nm. For most studies, the
growth rate of the algae is not compared. Rather the product that is produced is compared
such as lipid content for making biodiesel or nutrient removal for cleaning wastewater.

For these small scale tests, the goal was to see which of the three algae species would
grow the fastest on wastewater. In the larger tests, comparisons are made between the work
done for this thesis and published works in the areas of nutrient removal, biomass production,

and lipid content and composition.

4.1.3 Additional Nutrient Tests

The additional nutrient experiments were conducted to determine if the algae were
lacking any essential nutrient in the wastewater. The tests were conducted in the 250ml flask
with no aeration so the growth is quite low. Results of the experiments are displayed in

Figure 4.3. In Chlamydomonas and Scenedesmus, none of the tested additional nutrients had
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a significant increase or decrease on the growth of the algae. Several of the additional
nutrients had a delayed effect on the growth of Chlorella. With Chlorella after day 10, the
growth increases with additional NaNO; and decreases with K,HPO4 and KH,PO, compared
to the wastewater control (no nutrients added). These results show that the wastewater is
quite a good growth media for all three species and contains all the essential nutrients for

rapid algae growth.
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Figure 4.3: Algae growth on wastewater with supplemental nutrients. Control was
wastewater with no additional nutrients.
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4.1.4 10-Liter Tanks

With the results from the nutrient addition experiments and the promising growth in
the flasks, growth in larger 10L tanks could be tested. The majority of the lab scale testing
was completed using the 10L tanks. Using these tanks, the growth rate, nutrient removal rate,
and growth media pH were all monitored throughout the growth period. The three species
were cultured in three 10L tanks and grown for approximately three weeks. The algae again
showed good growth in the larger tanks. Figure 4.4A-C shows three growth experiments
comparing the three algae species. Once again Chlorella showed the highest growth after 3
weeks. Chlamydomonas and Scenedesmus were slightly lower. Using Equation 3.1, the
specific growth rate of Chlorella, Chlamydomonas, and Scenedesmus is calculated. The
growth rates are shown in Table 4.1 for each species in the three growth tests shown in
Figure 4.4. A run of mixed algae 0.5L of each of the three species was also tried. The results
are shown in Figure 4.4D along with a control test where no algae were added. The mixed
algae culture did not grow as well as the monocultures containing a single species of algae.
In the control test, there is an increase in OD starting around day 10. This is due to the

bacteria and possibly algae that are naturally in the wastewater.
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Figure 4.4: (A-C) Growth comparison of three species of algae in aerated HDPE tank (10L).

(D)Growth of mixed algae culture and control culture with no algae added. Data is from
three individual tests showing variation in growth from test to test.

Table 4.1: Specific growth rate of algae species in 10L tank growth experiments.

Algae Species Specific Growth Rate (1/day)

Test A Test B Test C Average
Chlorella 0.077 0.062 0.080 0.073
Scenedesmus 0.070 0.054 0.055 0.060
Chlamydomonas 0.067 0.054 0.049 0.057

After the algae growth, the wastewater is visibly cleaner, see Figure 4.5. To
quantitatively assess how well the algae were cleaning the wastewater, nutrient levels were
measured throughout the algae’s growth. Ammonia, nitrate, and phosphate levels were
measured using colorimeter test kits from the Hach Company. The results for pathogen tests

are given in Section 1.7.
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Figure 4.5: Difference in appearance of wastewater before (left) and after (right) algae
growth.

The results of the colorimetric tests show large deceases in all three nutrients tested,
see Figure 4.6. The algae are able to substantially reduce the amount of nutrients in the
wastewater faster than the wastewater control. The algae monocultures reduce all three
nutrient levels. Chlamydomonas cleans the water of nitrate better than Chlorella and
Scenedesmus which seem to absorb the ammonia faster. However, when using a mixed algae
culture the nitrate level follows a similar reduction to the control, see Figure 4.6B. The
reduction of nutrient levels in the control test is due to the natural bacteria present in the

wastewater. Just as seen in the growth curve of the control, the cleaning of the wastewater

with no algae is slower than when a single algae species is added.
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Figure 4.6: Nurient levels throughout algae growth in 10L tanks, mixed algae and control
tests also shown. (A) Ammonia, (B) Nitrate, and (C) Phosphate measured using the
colorimetric kits. Representative data from one of six tests, mixed algae and control each
from single test.

The goal of small WWTPs is to reduce these nutrients to less than 85% of the initial

nutrient levels before discharge (personally correspondence with FEV staff members). Larger

plants like FEV can aim for do
less than 20mg/L for discharge

ing better than that. At FEV, the ammonia level is traditionally

. For nitrate and phosphate the level is less than 1mg/L. These

are the targets that the algae must meet or exceed to be beneficial for wastewater cleaning.

As Figure 4.6 shows the algae

are able to reduce all three nutrient levels to well below the

discharge levels required by the WWTPs.

The results are good no

t only in how well the algae are able to reduce the nutrient

levels, but also how rapidly the reductions are observed. They show rapid deceases in all
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three chemicals tested in just three days. Chlorella provided reductions of 97.4%, 71.4% and
82.6% for ammonia, nitrate, and phosphate, respectively, after three days. The nutrients were
reduced 99.5%, 76.2%, and 96.5% by Scenedesmus, and 81.3%, 90.5%, and 85.5% by
Chlamydomonas. The nutrient levels and percent reductions after three days of growth are
summarized in Table 4.2. Of the three species, Scenedesmus showed the highest nutrient
reduction. Even though the other two species are not quite as effective, all three species meet

nutrient level discharge requirements for wastewater.

Table 4.2: Nutrient reduction in FEV wastewater.

Nutrient (mg/L)
Ammonia  Nitrate  Phosphate
Day 0 14.34 9.24 14.81
Chlorella Day 3 0.37 2.64 2.57
Percent o0 4o 714%  82.6%
reduction
Scenedesmus Day 3 0.07 2.2 0.52
Percent o4 50, 762% 96.5%
reduction
Chlamydomonas  Day 3 2.68 0.88 2.15
Percent ¢, 300 905%  85.5%
reduction

The results for nutrient removal of ammonia and phosphate are similar to or better
than results from Woertz et al. [17], Wang et al. [18], Ruiz-Marin et al. [20], and de-Bashan
et al. [49] for cleaning municipal wastewater. All three algae species tested show removal of
nutrients after just three days similar to Woertz et al.’s results under semicontinuous
operation with three day hydraulic residence time (HRT) [17]. Wang et al. [18], Chinnasamy
et al. [21], and Kim et al. [48], also show a large reduction in nutrient levels after three days
of algae growth.

The pH of the wastewater was measured and recorded as the algae grew in the HDPE
tanks. Figure 4.7 shows the change in pH over time. The growth of the algae changed the pH
of the wastewater from around 7 (neutral) to approximately 9 (alkaline) due to uptake of the
dissolved carbon dioxide. The algae do not seem to mind this more alkaline pH and continue

to grow rapidly as shown in Figure 4.4. This increase in pH is helpful in cleaning the
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wastewater because many bacteria and pathogens do not like an alkaline pH. The results for
pathogen tests are given in Section 1.7. However, a high alkaline pH may be part of the
reason that the Chlorella formed into large clumps in the 2.8L flasks. High alkaline pH can
cause some algae species to auto-flocculate (clump together), this can be good for harvesting
purposes, but is not ideal for rapid algae growth. Scenedesmus and Chlamydomonas did not

exhibit the same clumping as did Chlorella.
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Figure 4.7: pH of wastewater in aerated HDPE tank (10L) Representative data from one of
Six tests.

4.1.5 Depth Analysis

A depth analysis was conducted to determine how the algae would react in a deeper
growth media. All the previous lab scale tests had been conducted at a very shallow depth of
only a couple centimeters (5-6cm max). When scaling to a larger volume, it is necessary for
the depth to increase. Most raceway ponds are at least 15cm deep. To conduct the depth
analysis, Chlorella was cultured in deeper 20L HDPE tanks and aerated as with the 10L tests.
The tanks were filled with wastewater to achieve a depth of 15c¢m and 18cm. The volume of
wastewater in the 15 and 18cm tanks was 12.3L and 15L respectively, compared to 8L in the
10L tanks. The tanks were inoculated with 1.2L of algae as in the 10L tests.

Though the surface of the growth media was closer to the light source resulting a light
level of 39uE (8.5W/m?), the growth rate in the depth tanks was substantially slower than
that of the 10L tanks. The results are shown in Figure 4.8A compared to growth of Chlorella

in a 10L tank. The slow growth can be partially attributed to the small inoculums compared
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to the 10L tests. An additional reason is the lower surface to volume ratio due to the
additional tank depth, which led to less light reaching the algae. Even with the slow growth
due to these factors, the algae showed acceptable nutrient removal in both the 15 and 18cm
deep tanks. As expected, the ammonia level was rapidly reduced, though it took 6 days to be
reduced 98.9% and 95.0% in the 15 and 18cm tanks, respectively. The nitrate and phosphate
levels took even longer to reduce. The large spike in the nitrate levels, Figure 4.8C, seen
after day 14 are due to the addition of new wastewater to maintain the proper culture depth.
No significant difference was seen between the 15 and 18cm tests in growth or nutrient
removal rates.
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Figure 4.8: Depth analysis using Chlorella. (A)Growth curve, (B) Ammonia level, (C) Nitrate
level, and (D) Phosphate level in depth tests. Data from single test.

4.1.6 Light Study
Like the depth analysis, a light study was undertaken to help understand how the
algae would grow if subjected to a higher light intensity. By this time, it had become obvious

that the lab light system was quite low intensity compared to solar radiation on a sunny day,
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as well as, the levels previous researchers had used. Two small white plastic tanks were used
to culture the algae. Scenedesmus was used for this testing. When placed on the bench top the
surface of the algae culture was approximately 18 inches away from the light source with an
intensity of 32.5uE (7.06W/m?). To increase the light intensity the algae culture was moved
closer to the lights. At a distance of 3 inches from the light intensity was measured to be
66.7uE (14.5W/m?).

The growth of the algae in the higher light intensity tank was greater than in the lower
tank, as shown in Figure 4.9. The difference in growth rate is easily seen by the steeper slope
of the 14.5W/m? line, computing the specific growth rate confirms that the higher light
intensity grew faster. The specific growth of the 14.5W/m2 tank is 0.026 compared to 0.007
for the 7.06W/m?2 tank over 12 days of growth.
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Figure 4.9: Growth of Scenedesmus under different light intensity. Data from single test.

4.1.7 NWQ Tests

With all the good results using the FEV wastewater, an additional source of
wastewater was tested to see if the algae could grow well on other municipal wastewaters.
The nutrient composition of municipal wastewater varies throughout the year and from
location to location. The FEV water has a broad mixture of both industrial and residential
wastewater streams feeding into the plant. The Northwest Quadrant WWTP (NWQ) in
Hilton, NY treats almost exclusively residential wastewater. This leads to a different nutrient

composition than found at FEV.
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The three algae species were cultured in the 10L on primary effluent collected from
the NWQ plant. Initial nutrient levels of ammonia, nitrate and phosphate were measured to
be 18.2, 5.3, and 17.7 mg/L, respectively. Compared to the FEV water the ammonia and
phosphate levels are higher, while the nitrate level is lower. On the NWQ water, all three
species of algae grew at a slower rate than on the FEV water, see Figure 4.10A. However,
while the growth lagged behind in the beginning of the test, towards the end of the growth
period in the NWQ water the growth was accelerated. Final OD for NWQ was only slightly
lower than for FEV. In fact, Chlamydomonas on NWQ was slightly higher than on FEV by
the end of the experiment (OD of 1.49 vs. 1.44).
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Figure 4.10: (A) Growth of the three algae species in FEV and NWQ wastewater. (B)
Ammonia removal. (C) Nitrate removal. (D) Phosphate removal. NWQ data representative of
one of three tests.
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The effectiveness with which the algae cleaned the water was also a bit slower than
when grown in the FEV water. Chlorella showed the best nutrient removal after 3 days of
growth in the NWQ water with nutrient removal of 94.0%, 75.5%, and 97.6% for ammonia,
nitrate, and phosphate, respectively. Results for all three species and nutrients are shown in
Table 4.3. Interestingly, Chlamydomonas showed the quickest removal of ammonia, but the
slowest removal of nitrate. The opposite of what it had done when grown on the FEV water.
With Chlamydomonas and Scenedesmus, the phosphate level reduction lagged behind the
previous experiments using FEV wastewater, see Figure 4.10D. On the other nutrients,
Chlorella cleaned the NWQ water the same percentages as with the FEV water, and

Scenedesmus did about 15% worse on ammonia and phosphate than before.

Table 4.3: Nutrient removal in NWQ wastewater

Nutrient (mg/L)
Ammonia  Nitrate = Phosphate
Day 0 18.2 53 17.7
Chlorella Day 3 1.1 1.3 0.42
Percent o1 60, 75.5% 97.6%
reduction
Scenedesmus Day 3 2.4 3.6 3.4
Percent ¢ 20, 32.1% 80.8%
reduction
Chlamydomonas  Day 3 0.51 3.7 7.5
Percent o750, 3020  57.6%
reduction

The results of the NWQ tests are acceptable and show that the three species of algae
can grow on both the NWQ and FEV sources of wastewater. All three species prefer the FEV
water over the NWQ water. It appears that the ratio of ammonia, nitrate and phosphate are
better for the algae in the FEV wastewater. However, this may also be due to the algae being
more acclimated to the ratio of nutrient levels in the FEV water as evidenced by the more
rapid growth at the start of the experiment. Towards the end of the tests the growth rate in the
NWQ media started to pick up, indicating that perhaps the algae were adapting to the nutrient

levels available in the new media.

83



4.2 Pilot Scale Results

The six pilot scale tests were conducted at EET over a period of five months. Though
each individual 60 gallon experiment only ran for a week to ten days, much of the time was
spent growing up fresh inoculates for each test and then drying the algae after growth.
Throughout each of the tests, the growth rate, nutrient removal, depth, temperature, and pH
were monitored and recorded. At the pilot scale due to size and time constrains a single test

was conducted at each combination light levels and temperatures.

4.2.1 Growth Rate
Optical Density

For each experiment, the growth rate was measured by optical density (540nm and
680nm), wet and dry weights, and a final dry weight of the total volume of algae. These
readings were taken every couple days throughout the test. Due to clumping and settling to
the bottom it was infeasible to take an OD reading for some of the day 7 data points. This
was not an issue since the algae biomass was harvested on day 7 and a final dry weight could

be determined. The OD readings for both 540nm and 680nm are shown in Figure 4.11.
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Figure 4.11: (A) OD 540nm and (B) OD 680 for each of the six pilot scale tests.

Looking at the results for the optical density, it appears that Test 1 and Test 2 had the
best growth throughout the test. Test 1 shows rapid growth up to day 6, the growth then
levels out between day 6 and day 10. Test 2 shows rapid growth all the way to day 7 when

the algae were harvested. For the tests at 25°C, Test 4 showed higher OD readings than Test
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3. Unfortunately, due to the algae clumping on the bottom of the tank the OD readings aren’t
the best measure of growth for tests 2 through 6.

Surprisingly, the OD results show that the algae grew best at the lower light level and
lowest temperature tested. The expected result was that the algae would grow best at the
highest temperature and light level. The wet and dry weight results don’t completely agree,
but the final biomass weight is similar to the OD results.

Comparing the results of the 540nm and 680nm readings, the numbers are very
similar. This is important for comparing these results to published results. Because there is
not a standard wavelength for measuring OD with algae, the wavelength used by researchers
varies. Showing that there is little variation between using different wavelengths gives

credibility when comparing one result to another.

Sample Wet and Dry Weights

The wet and dry weights of algae in the 100ml samples of water taken every few days
were used as another method to monitor the growth of the algae. The algae biomass was
separated from the wastewater by centrifugation and then a wet weight was taken. The algae
sample was then dried and weighed again. The wet and dry weights for each tests are shown
in Figure 4.12. As with the optical density readings, the samples taken on day 7 of several of
the test contained almost no algae because it had all settled to the bottom. Weights were not
taken at these points, as the final dry weight was sufficient. With the clumping issue, there is
more uncertainty in the weights from the samples. The lack of a homogenous mixture led to

variation in samples taken at the same time point (two 50ml tubes were taken for each

sample).
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Figure 4.12: (A) Wet and (B) Dry weights of algae throughout the six pilot tests.
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The sample weights show that all of the tests had rapid growth right from the start of
the test. Contrary to the OD reading, Test 1 and 2 had lower sample weights than the other
tests suggesting that the algae was growing better at the higher temperatures. In the later
tests, especially Test 3, the algae formed into clumps. This clumping could lead to a lower
OD reading for a sample compared to a sample containing a more homogeneous algae
mixture. Clumping could also lead to an artificially high weight reading if a large clump of

algae was collected in the sample.

Final Dry Weight

After 7 days of growth (10 days for Test 1), the algae were harvested and dried as
described in Chapter 3. Once all of the algae biomass was dried, a final weight was taken for
the biomass produced. The algae biomass produced by each test was quite high with 5 out of
6 of the tests far exceeding the estimated “best-case” of approximately 92¢g of algae produced

in 7 days. The final weights are given in Table 4.4.

Table 4.4: Final dry weight for the total algae biomass produced from each pilot test.

Test Final Dry Weight (g)

1 1394

149.9

80.0

112.4

2
3
4 111.8
5
6

115.0

The final dry weight appears to be the best way to compare the test-to-test algae
growth. By taking a final dry weight the issue of clumping is avoided. All the algae biomass
produced was harvested, dried, and weighed whether it was in solution or on the bottom of
the tank.

In comparing the final weights, it is important to remember that Test 1 was grown for

10 days while the other tests were harvested at day 7. Even so, the results from the OD and
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sample weights suggest that most of the biomass was produced by day 6 of Test 1. Also, the
results show that for the higher light level more algae biomass was produced at each tested

temperature.

4.2.2 Nutrient Removal

As with the lab scale testing, the nutrient removal from the wastewater was measured
throughout each test. At the pilot scale the algae showed, no real differences to what had
been measured in the lab. Within three to four days the nutrient levels were all vastly

decreased and well below the required limits for discharge to receiving waters.

Ammonia Level

The results for the ammonia level decrease in every test were very good and as
expected from the lab scale experiments. The initial ammonia levels ranged for
approximately 11mg/L to 25mg/L. After only 2 days of growth the levels were reduced by a
minimum of 55%. Unlike the growth, with the warmer temperatures tested the ammonia
levels were reduced much more rapidly. In Test 4 and Test 5, at 25 and 30°C, respectively,
the ammonia level was reduced to 0.244mg/L after only 2 days. Figure 4.13, shows how
almost all of the ammonia was removed from the wastewater after only a couple days of
growth. The percent reductions after just two days of growth are given in Table 4.5. By day 7

of each test, the ammonia level had been reduced by over 99% and was under 0.04mg/L.
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Figure 4.13: Ammonia Levels in the pilot scale tests.
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Table 4.5: Percent reduction of ammonia levels throughout the pilot scale tests. Notice that
Test 1 was sampled on days 3, 6, and 10.

Percent Reduction
Time
(days) Test 1 (day) Test2 | Test3 | Test4 | Test5 | Test6
2 55.3(3) 87.1 94.6 99.0 98.4 75.0
4 99.7 (6) 99.8 99.7 99.8 99.9 99.8
7 99.8 (10) 100.0 | 99.8 99.9 99.9 99.9

The ammonia reduction is excellent and is very similar to lab scale results in the 10L.
tanks. Comparing these results to published work shows that, Scenedesmus in this research
has performed as well if not better than comparable studies. In published work by Woertz et
al., Chinnasamy et al., and L. Wang et al., ammonia levels were shown to be by greater than
96% in three days. The pilot scale setup tested for this project showed reductions of greater
than 98% in two days in three out of the six tests. The time it takes the algae to reduce the
ammonia and other nutrients to acceptable levels for discharge is very important. The quicker
the nutrients are reduced the more viable a solution the algae culturing becomes for cleaning

wastewater.

Nitrate Level

The nitrate was the one nutrient of the three tested that was least effected by the
algae’s growth. The nitrate level started between 1.32mg/L and 7.92mg/L. During some of
the tests the level of nitrate actually increased during the test. This is due to the conversion of
ammonia to nitrate by nitrifying bacteria found naturally in the wastewater. Surprisingly, the
algae seem to prefer the ammonia to the nitrate, unlike more complex plants, which prefer
nitrate. The nitrate is the least reduced out the three nutrients. The level of reduction seen in
the pilot scale experiments matches the results from the lab scale tests. Figure 4.14 shows the

nitrate levels in each of the six pilot tests.
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Figure 4.14: Nitrate Levels in the pilot scale tests.

The percent reduction of nitrate is not as spectacular as the other nutrients. As shown
in the lab tests, Scenedesmus prefers ammonia and phosphate to nitrate. In fact in Test 1, the
amount of nitrate increased during the growth period. In Test 3, the nitrate level was
unchanged when comparing day O to day 7. In the other tests, however, nitrate was reduced
by around 80% by the end of the test with over 60% of that reduction happening before day
4. Table 4.6 shows the percent reductions throughout each test. Unlike ammonia and
phosphate, many published works do not record data for nitrate. It is either left out or
included in a total nitrogen level. Therefore, there is not a good source to compare results of

nitrate levels.

Table 4.6: Percent reduction of nitrate levels throughout the pilot scale tests. Notice that Test
1 was sampled on days 3, 6, and 10.

Percent Reduction
Time
(days) Test 1 (day) Test2 | Test3 | Test4 | Test5 | Test6
2 -133.3 (3) 77.8 0.0 33.8 50.0 25.0
4 66.7 (6) 66.7 40.0 75.2 62.5 87.5
7 -33.3 (10) 88.9 0.0 79.3 84.4 93.8
Phosphate Level

Like the other two nutrients, the level of reduction on the phosphate level was

excellent. After two days, the level was reduced by over 65% in every test. The pilot
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experiments showed massive reduction in phosphate similar to the lab test results. Like
ammonia, the rate of uptake of phosphate increased with the temperature of the growth
media. After a week of growth nearly 100% of the phosphate is removed in all the tests but in
the warmer tests the majority of phosphate is removed earlier in the growth. Figure 4.15
shows the phosphate levels in the pilot scale tests. The percent reductions throughout the test

are shown in Table 4.7.
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Figure4.15: Phosphate levels in the pilot scale tests.

Table 4.7: Percent reduction of phosphate levels throughout the pilot scale tests. Notice that
Test 1 was sampled on days 3, 6, and 10.

Percent Reduction
Time
(days) Test 1 (day) Test2 | Test3 | Test4 | Test5 | Test6
2 91.3(3) 74.6 71.0 97.2 94.1 65.7
4 97.8 (6) 96.7 97.6 99.5 99.9 91.4
7 99.9 (10) 100.0 | 96.7 99.8 99.6 98.8

Comparing phosphate results to published data, the numbers are very similar. Tests 1,
4,5, and 6 showed over a 90% reduction in phosphate in after two days. These compare well
to Woertz et al. [17], Chinnasamy et al. [21], L. Wang et al.[18], and Ruiz-Marin et al. [20].
In fact, Ruiz-Marin et al. tested Scenedesmus on municipal wastewater resulting in a 83.3%

decrease in the phosphate level [20]. Tests 2 and 3 lagged behind in phosphate reduction, but
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by day 7 all tests showed reductions of greater than 99%, except Test 3 which had a 96%
reduction. Day 7 results for all tests were below 0.6mg/L.

As with the other nutrients, initial levels varied from test to test due to using real
wastewater and the composition at the plant varying. The phosphate levels showed the most
initial variation ranging from 16.28mg/L in Test 1 to 63.8mg/L in Test 4. Though some of
the variation between tests can be attributed to the composition available the sample was
collected from the WWTP. These high levels of phosphate in Test 4 and in Test 2 (35.8mg/L)
are also likely due to the length of time that the wastewater was stored at EET before being
used. The water used in Test 4 had to be stored the longest because of the lack of growth in
the Test 3. Before Test 4, a newly purchased batch of algae was cultured in the lab for several
weeks before a large enough inoculate was available for starting the pilot tank. The
phosphate levels in the tests where the wastewater was not stored for an extended amount of
time are all around 16mg/L for phosphate at the start of the test. Algae, however, did not

seem to mind the elevated levels of phosphate and reduced the level rapidly in all the tests.

Coliform Counts (Test 4 only)

As an extra test to see how the algae were doing at cleaning the wastewater, during
Test 4, the coliform counts were measured every couple days along with the other
parameters. The results show that just like the nutrients the algae are rapidly reducing the
number of coliforms present in the water. Table 4.8 shows the number of coliforms in the
wastewater throughout Test 4. The numbers are very good, after only two days of algae
growth the coliform numbers have been reduced to 24 for total and O for fecal. By day 4,
neither total nor fecal register any cultures. WWTPs must meet a limit on Fecal Coliforms of

no more than 200MPN/100ml on average without any readings over 400MPN/100ml.

Table 4.8: Number of Total and Fecal coliforms present in the wastewater during Test 4.

Time Total Coliforms Fecal Coliforms
(Day) (MPN/100ml) (MPN/100ml)
0 1600 350
2 24 0
4 0 0
7 0 0
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The pH of the wastewater has an important effect on the reduction of coliforms. The
pH for each of the pilot tests was monitored and results are given in Section 2.3. In Test 4,
the pH level increased from 8.58 to over 10 during the first 2 days of the test and remained
over 10 for the rest of the test. The basic pH is highly unfavorable for bacterial survival and
leads to the large reductions seen here. The other pilot scale tests show very similar pH
levels, leading to the conclusion that coliform counts in all pilot scale tests would have been

similar to the results seen in Test 4.

4.2.3 Other Measured Parameters
Temperature

Temperature and light were the two parameters that were controlled and varied from
test to test at the pilot scale. The light level was easy to control with the adjustable height of
the lighting supports. However, the temperature proved to be somewhat difficult to control.
Tests 1 and 2 were conducted at room temperature with no artificial heating. Tests 3-6 used
the aquarium heaters to provide additional heating to the tank and achieve the necessary
levels of 25 and 30°C. The temperature was monitored throughout each of the tests and the
heaters were adjusted as needed to achieve the required temperature. Figure 4.16 shows the

recorded temperatures throughout each test.
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Figure 4.16: Temperature measured throughout each pilot test.
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In the early tests with out supplemental heating, the temperature continued to increase
from an initial temperature of 20°C to a final temperature of 23°C. This increase in
temperature is most attributed to the room temperature of the lab being about 22-23°C. The
fluorescent lights used in the pilot scale are the same lights used in the small-scale
experiments in which no temperature difference was observed between two cultures at
varying distances from the light fixture. Combined with the amount of evaporation observed
during the tests, see the following section on water level throughout the tests, it is unlikely
the lights had any effect on the water temperature.

In the later tests, with the aquarium heaters, even more temperature fluctuates were
observed. In Tests 3 and 4, the day O temperature was measured to be 23°C. By day 2, the
temperature had reached 25°C as necessary and remained there for the rest of the test. The
temperature control was best in the two 25°C tests. For Tests 5 and 6, the heaters were unable
to achieve a water temperature of 30°C. Even though each heater was rated for up to a 70-
gallon aquarium, the high level of evaporation, mixing, and surface area would not allow the
water temperature to reach 30°C. The maximum temperature achieved was 28°C in Test 5
and 6. Like higher light levels, higher temperatures will have to be tested outdoors in future

work.

Depth

Depth was not one of the parameter that was monitored in the lab scale. In the 10
lab tanks, there was a large amount of evaporation observed throughout the test, but the lost
volume was replaced by fresh wastewater every couple days. At the pilot scale, the change in
depth was recorded throughout each of the tests, and no additional wastewater was added.

It was obvious at the start of the testing that the water level would drop throughout
the tests due to evaporation. However, the rate of evaporation was somewhat surprising. In
Test 2, the initial volume was calculated to be 67 gallons based on the depth and tank
dimensions. At the end of the test, the volume was only 45 gallons, a loss of 22 gallons or
almost a third of the starting volume in 7 days. Test 2 was performed at 20°C. The
evaporation rate was even higher with the increased temperature in the later tests. Figure

4.17 shows the change in depth throughout the tests.

93



5-
-~ Test 1
4 =% Test 2
£ 3 -e- Test3
< -+~ Test4
§' 2- -~ Test5
& Test6
14
c L} L L L} L L}

0 2 4 6 8 10 12
Time (days)

Figure 4.17: Depth measured throughout each pilot scale test.

pH

pH appears to be a very important parameter to monitor. Samples of wastewater were
tested for pH prior to algae being added. Initially, the wastewater without any algae is around
a pH of 7.0 or neutral. Test 3 measured a pH of 6.9, Test 4 was 7.3, and the others tests were
somewhere between the two. Adding the algae made a large difference in the pH. In several
of the tests, the pH measure over 8.0 on day zero after the addition of algae. Figure 4.18
shows the change in pH throughout the tests. As the algae grew the pH became even more
basic in the range of 9.0-10.0. This is due to the uptake of CO, from the water. The algae do
not appear to be affected by the basic pH. They continue to grow rapidly and the pH keeps
increasing. The increase in pH is beneficial in cleaning the wastewater because pathogens,
such as E. coli cannot live in basic environments for very long. Towards the end of the test
runs the pH begins to decrease. This decrease appears to signal that the algae have consumed
all the available nutrients and are beginning to die. Notice that in Test 1 by day 10 the pH

level was all the way back down to neutral.

94



Test 1
Test 2
Test 3
Test 4
Test 5
Test 6

EREERR,

Figure 4.18: pH measurements taken throughout each pilot scale test.

Visual Inspection

With using the same species of algae and the same source of wastewater, it was quite
surprising how different the tank looked from test to test. For example in Tests 1 and 2, the
algae stayed in a homogeneous solution and the whole tank was a very dark green after a
couple days of growth, see Figure 4.19A. However, Test 3 all the algae sank to the bottom of

the tank and turned a yellow-green color, see Figure 4.19B.

(A) , (B)

Figure 4.19: (A) Homogeneous algae solution in the pilot tank on day 4 of Test 2. (B) Tank
on day 4 of Test 3, most of the algae has settled to the bottom on the tank
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Since the algae sank to the bottom of the tank in Test 3, another observation could be
made about the water. Initially, the wastewater had a varying level of turbidity with Test 4
having the most turbid water at the beginning of the test. After only 4 days, it was completely

clear.

4.3 Extraction and Transesterification Results

4.3.1 Lab Scale

There were three extraction techniques tested at the lab scale. The first procedure was
a direct transesterification process using hexane and ether as solvents. The other two
extraction methods used a chloroform-methanol extraction based on the procedure developed
by Bligh and Dyer [51].

The direct transesterification procedure produced a light yellow solution that
appeared to be biodiesel, see Figure 4.20. Unfortunately, in GC-MS tests run by Northern
Biodiesel, no methyl ester peaks appeared on the readout (not shown). This showed that the
reaction to biodiesel had not been allowed to react long enough to reach completion. The
procedure used a sulfuric acid catalyst which leads to a slower reaction than when using a
basic catalyst, such as KOH. The direct transesterification procedure was abandoned in favor
of a two step extraction and transesterification. This way the algal lipids could be tested for

composition before being converted to biodiesel.
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Figure 4.20: Solutions produced from direct transesterification procedures. GC-MS test
showed that solutions were not biodiesel.

Unfortunately, the two step extraction-transesterification reactions were not any more
successful than the direct extraction. Difficulties were encountered in separating the lipids
from the chloroform layer at the end of the extraction procedures. As shown in Figure 3.13,
three distinct layers are present during the extraction. The lipids are contained in the darkest
almost black layer along with the chloroform. The chloroform is then evaporated under a
fume hood to leave behind the lipids. Figure 4.21A shows the lipids after the evaporation of
chloroform was performed. The lipids left are a very small amount (less than 0.3ml). The

expected amount of oil for 1g of biomass is approximately 2 to Sml depending lipid content.

t I "’:: i fl - ]
Figure 4.21: Lipids extracted from algal biomass using Johnson and Wen procedure. The
numbers on the centrifuge tube pictured are in milliliters.
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After evaporating the chloroform the lipids, during many extraction attempts no
viable oil was left in the centrifuge tube. In experiments with oil, it still contained small
particles of biomass, which give it a black opaque appearance. In an attempt to separate the
oil from the small particles, water was added to the tube as a quick way to check for oil.
Figure 4.22 shows a tiny amount of oil floating on top of the water while the particles of

biomass have settled to the bottom.

—

Figure 4.22: Water separating oil and biomass particles after lipid extraction.

Though all of the techniques used in the lab have been tested and used successfully
by previous researchers, the work for this thesis was unable to replicate the results of any of
the procedures. This may be an issue of the algae producing very low amounts of lipid in the
wastewater growth environment, but that is highly unlikely as it was shown that the algae
were starved for nutrients after several days, and the chosen species should produce higher

lipid levels.

4.3.2 Pilot Scale
Due to difficulties with the smaller scale extraction techniques, at this time a larger
scale extraction has not been undertaken for this thesis work. Continuing work with Northern

Biodiesel will hopefully yield a successful extraction.
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Chapter 5

Conclusions

The goal of this thesis was to demonstrate that the lab scale algae growth system

could be easily scaled to a significantly larger pilot scale volume of 60 gallons. Once at the

pilot scale, tests were conducted to better understand how the growth rate and nutrient uptake

were affected by light and temperature. In order to achieve this goal, experiments were first

conducted in the lab to better understand the growth requirements for the Chlorella,

Scenedesmus, and Chlamydomonas algae species. The following can be concluded from this

work.

5.1 Lab Scale

1.

All three species of algae (Chlorella, Scenedesmus, and Chlamydomonas)
demonstrated excellent growth on the wastewater from both FEV and NWQ.

All three species showed rapid nutrient uptake from the wastewater and efficiently
cleaned the water. Ammonia, nitrate, and phosphate levels were reduced by at least
81.3%, 71.4%, and 82.6%, respectively after just three days of growth. These results
are similar or better than published results by Woertz et al. [17], Wang et al. [18],
Ruiz-Marin et al. [20], and de-Bashan et al. [49] for cleaning municipal wastewater.
The three different lipid extraction techniques used were unable to produce a pure
sample of algal oil. The mass used in the procedures was much to small to produce
any significant volume of oil that could be confirmed to be lipid. These results are
unlike published research including those in which the procedures were originally

described.

5.2 Pilot Scale

1.

Using Scenedesmus sp., the algae growth system was demonstrated to work as well if
not better at the pilot scale (60 gallons) as compared to the lab (10L and smaller).
Both wastewater cleaning and algae growth were much better than expected at the

pilot scale. It was assumed that a decrease in growth rate and consequently nutrient
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removal rate would be seen at the pilot scale. Surprisingly neither was observed with
higher than expected biomass produced and rapid nutrient removal even in the lower
biomass producing tests.

. Scenedesmus grew more rapidly expected most likely due to the increased light level
of the pilot tests as compared with the lab. Algae growth exceeded expected yields
and produced nearly 150g dry biomass in seven days of growth in the best test run
and consistently produced over 100g per test (5 out of 6 tests). Initially, pilot tests
were scheduled to last 14 days, but excellent growth allowed the tests to be reduced to
only 7 days.

. Scenedesmus also showed rapid nutrient removal from the wastewater. As in the lab
tests, results were comparably to published data after three days of growth. In many
of the tests all three nutrients were at levels acceptable for discharge to receiving
waters by day 2. By the end of the growth period, ammonia and phosphate levels
were reduced by over 99% in 5 out of 6 tests. Coliform counts measured throughout
test 4 showed that bacterial levels were also reduced rapidly and completely.

. The amount of oil that was extracted from the biomass was significantly less than

predicted.
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Chapter 6

Recommendations and Future Work

Due to the fact that the idea of using algae as a fuel source or as a way to clean

wastewater are both relatively new ideas, there is a multitude of research that has not yet

been undertaken both on the biology of the algae and engineering a optimum system. This

thesis work was the first of its kind undertaken at RIT, so in that regard there is still much to

learn from published research as well as undertaking new projects and experiments. The

following recommendations are just a few of the tests that could expand on this thesis

project.

6.1 Lab Scale

1.

Additional algae species should be tested in the lab to determine if species that grow
faster, clean wastewater quicker, and/or produce more oil while growing on
wastewater could be identified. There is a vast amount of published research on
different species and many more that have yet to be tested. Finding the best species
for the given wastewater environment at the lab scale, allows a pilot scale system a
greater possibility of success.

Lab tests for determining optimum nutrients are needed to achieve maximum algae
biomass growth. Lab tests run for this thesis showed that the algae were not lacking
any nutrients in the wastewater. However due to variations in the composition of
wastewater from day to day, nutrient levels may be able to be optimized to maximize
biomass and/or oil production, and reduce water cleansing time.

Testing of algae growth in small photobioreactors is needed to be able to quickly
grow inoculates for pilot scale tests. Though photobioreactors are more expensive,
they may be best for growing seed cultures due to the higher biomass density
achieved and protection from environmental contaminants. Designing and using an
efficient photobioreactor in the lab will allow for pilot scale tests to be conducted

quicker (less turnaround time in between tests).
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4. Additional light and temperature tests should be undertaken to look at a broader range

of these parameters. These tests would not have to necessarily be carried out at the
pilot scale. Due to artificial light limitations, it is difficult to achieve any level close
to real sunlight indoors at any reasonable cost. However, a broader range of
temperatures would be very beneficial to test. This thesis work only looked at room
temperature (20°C) and higher temperatures. Unfortunately, Rochester, NY is below
these temperatures for much of the year. Experiments to determine the minimum
temperature the algae could survive at would be extremely beneficial in
understanding if this technology can be implement effectively large-scale in a

temperate climate like that of most of the United States.

A procedure for extracting the oils from the algae needs to be developed before
moving forward with any further biodiesel research. The methods attempted for this
thesis were quite unsuccessful even though each method was based on a published
proven extraction technique. Mechanical methods of oil extraction may prove more
effective than the chemical methods tried. Techniques to research would be

mechanical pressing and sonication.

6.2 Pilot Scale

1.

The pilot scale tank needs to be tested outdoors using sunlight as the energy source
for the algae. The indoor tests conducted in this thesis prove that the system works in
a controlled environment, but the ultimate goal must be to use sunlight for the energy
source or the technology would never be feasible due to being completely financially
unviable. The pilot tank was designed so that the lighting structure can easily be
removed and the tank portion can be disassembled for easier transportation, so

outdoor testing should be quite simple to perform.

Larger scale tanks and ponds need to be tested to demonstrate that system is scalable
to the necessary dimensions to be feasible for commercial use. To be commercially
viable the ponds must hold 10,000 to 100,000 gallons, at least, of wastewater at a
time to allow for the algae time to clean the water before needing to be discharged

and produce enough biomass to make any significant quantity of biodiesel. After
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testing the current pilot tank using 100 gallons of water as designed. A tank of 1,000
gallons could be tested using the 100-gallon tank for growing the seed culture. These

larger tanks should most likely be located at WWTPs to avoid transportation issues.
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Appendix A: Nutrient Test Procedures

A.1 Ammonia Testing

Reagents and Apparatus:

1. Ammonia Testing Meter
2. Graduated cylinder, mixing, 25ml
3. (2) Sample cells, 10ml
4. (2) Ammonia Cyanurate Reagent Powder Pillows
5. (2) Ammonia Salicylate Powder Pillows
Procedure:
1. Fill 25ml mixing graduated cylinder with the appropriate sample volume from Table
Al
Table A.1: Recommended Sample Volumes
Expected Concentration (mg/L. NH3-N) Sample Volume (ml)
0.01-0.80 No dilution necessasrifépUSS.e 10.0ml directly in
0.01-2.00 10.0
0.01-4.00 5.0
0.01-8.00 2.5
0.01-20.00 1.0
2. Dilute to 25ml with ammonia-free deionized water. Stopper and invert three times to
mix.
3. Fill one 10ml sample cell with 10ml of sample from the graduated cylinder. This will
become the prepared sample.
4. Fill the second 10ml sample cell with 10ml of ammonia-free deionized water. This
will become the blank.
5. Add the contents of one Ammonia Salicylate Powder Pillow to each sample cell. Cap
and shake to mix.
6. Wait 3 minutes.
7. Add the contents of one Ammonia Cyanurate Powder Pillow to each sample cell. Cap
and shake to dissolve.
8. Wait 15 minutes.
9. After 15 minutes, invert both cells a few times to mix.
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10. Press the POWER key to turn the meter on. The arrow should indicate mg/L. NH3-N.
11. Wipe down the outside of the sample cell, then place the yellow colored blank in the
cell holder.
12. Cover the blank with the instrument cap.
13. Press ZERO/SCROLL. The display will show “- - -* then “0.00”. Remove the blank
from the cell holder.
14. Wipe down the outside of the sample cell, then place the prepared sample in the cell
holder. Cover the sample cell with the instrument cap.
15. Press READ/ENTER. The display will show “- - -*, followed by results in mg/L
ammonia as nitrogen (NH3-N).
16. Multiply the result from Step 15 by the appropriate factor from Table A.2 if a dilution
was used in Steps 1-2.
Table A.2: Multiplication Factors
ml Used in Step 1 Multiplier
10.0 2.5
5.0 5.0
2.5 10.0
1.0 25.0
17. To express the result as mg/L. ammonia (NH3), multiply the result by 1.22.
A.2 Nitrate Testing
Reagents and Apparatus:
1. Nitrate Testing Meter
2. (2) Sample cells, 10ml
3. NitraVer Reagent Powder Pillow
Procedure:
1. Fill one 10ml sample cell with 10 ml of sample.
2. Add the contents of one NitraVer Reagent Powder Pillow to the sample. Cap the cell.
This will become the prepared sample.
3. Shake the sample cell vigorously for one minute.
4. Let the cell sit undisturbed for 5 minutes.
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Fill the second 10ml cell with 10ml of untreated sample. Cap the cell. This will

become the blank.

6. Press the POWER key to turn the meter on. The arrow should indicate Channel 1.

7. Wipe down the outside of the sample cell, then place the blank in the cell holder with
the diamond mark facing the keypad. Cover the sample cell with the instrument cap.

8. Press ZERO/SCROLL. The display will show “- - -“ then “0.00”. Remove the blank
from the cell holder.

9. Wipe down the outside of the sample cell, then place the prepared sample in the cell
holder. Cover the sample cell with the instrument cap.

10. Press READ/ENTER. The display will show “- - -*, followed by results in mg/L
nitrate as nitrogen (NOs3-N).

11. To express the result as mg/L nitrate (NO3), multiply the result by 4.4.

A.3 Phosphate Testing

Reagents and Apparatus:

1. Phosphate Testing Meter

2. (2) Sample cells, 10ml

3. PhosVer 3 Powder Pillow

Procedure:

1. Fill one 10ml sample cell with 10 ml of sample.

2. Add the contents of one PhosVer 3 Powder Pillow to the cell. Immediately cap and
shake 10-15 seconds. This will become the prepared sample.

3. Wait at least 2 minutes (but less than 10 min) for full color development before
completing Steps 4-10.

4. Fill the second 10ml cell with 10ml of untreated sample. Cap the cell. This will
become the blank.

5. Press the POWER key to turn the meter on. The arrow should indicate Channel 1.

6. Wipe down the outside of the sample cell, then place the blank in the cell holder with
the diamond mark facing the keypad. Cover the sample cell with the instrument cap.

7. Press ZERO/SCROLL. The display will show “- - -* then “0.00”. Remove the blank

from the cell holder.
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8. Wipe down the outside of the sample cell, then place the prepared sample in the cell
holder. Cover the sample cell with the instrument cap.

9. Press READ/ENTER. The display will show “- - -, followed by results in mg/L
phosphate (PO,”).

10. Subtract the reagent blank from the reading for true concentration.
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Appendix B: Culture Media Recipes

B.1 Bristol’s Solution (as modified by H.C. Bold, Bull, and Torrey, 1949)

Six stock solutions, 400 ml in volume, are employed. Each contains one of the following

salts in the amounts listed:

NaNO; 10.0g
CaCl, 1.0g
MgSOy4 3.0g
K,;HPO4 3.0g
KH,PO4 7.0g
NaCl 1.0g

10ml of each stock solution are added to 940ml of distill water (dH20O). To this is added a

drop of 1.0% FeCl3 solution.

B.2 Bristol’s + Peptone
For each 1000ml of medium required:
Bristol’s solution 1000.0ml

Proteose peptone 1.0g
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Appendix C: Specification Sheets

C.1 Shurflo Diaphragm Pump

www. Pumphgents.com

s“ “ n'l ‘ PumpAgents.com - Click hera for Pricing/Crdering ]
T

Firsr in Fluid Innovation PRODLUCT DATA SHEET
MODEL: 2088-394-144

SPECIFICATIONS:

MODEL NUMBER: 2088-394-144
PUMP DESIGN: Positive Displacement 3 Chamber Diaphragm Pump
CHECK VALVE: (1-Way Operatlon) Prevents Reverse Flow
CAM: 3.0 Degree
MOTOR: Permanent Magnet, B/N 11-193-01, Thermally Protected
VOLTAGE: 1153 VAC Nominal
PRESSURE SWITCH: Factory Set & 45 PS1 Shut-Off, Tum On 25 =+ 5 PSI
LUQUID TEMPERATURE: 170 Degrees Fehrenhelt (77 Degrees Centlgrade) Max.
PRIME: Self-Priming Up To 9.0 Fr. Vertical,
Max, Inlet Pressure 30 PSI (2.1 Bar)

PORTS: 1/2" - 14 MMale Parallel Thread
MATERIAL OF CONSTRUCTION:

PLASTICS- Polvpropylene

VALVES- Viton

DIAPHRAGM- Viton {Switch), Santoprene (Main)

FASTENERS- Zinc Plated Steel
NET WEIGHT: 5.3 Lbs (2.4 Kg)
DUTY CYCLE: Intermittent (See Temp. Kise Chart)
TYPICALAPPLICATIONS: Agricultural Spraying
APPROVALS: UL, C-UL Listed

DIMENSIONS:

! 2.2
(553
V2«14
2 PIPE THD 3
(57} &9y J ™ | (81}
FILE 20B8.354.144 REVISED: 11/02 ISSUED: 10/29/97
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Appendix D: Extraction Techniques

D.1 Mulumba Extraction

Starting with 1g of dry algae biomass, crush in mortar and pestle until powdered. In a 125ml
flask combine biomass powder, 10ml chloroform, 20ml methanol, 10ml RO water (reverse
osmosis), and stir bar. Place flask on magnetic stir plate for 24hrs. After 24hrs, filter sample
through 2.5um filter paper (Whatman grade #5), using a 125ml Buchner flask, 90mm
Buchner funnel, and aspirator vacuum pump. The initial flask and filter is then rinsed with an
additional 10ml chloroform and 10ml RO water. Transfer the liquid to a 250ml separatory
funnel and allow contents to settle for 1 to 2 hours. The bottom layer containing the
chloroform and lipids is then collected in a pre-weighed flask. Evaporate the solvent using a
water bath set to 40 to 45°C under nitrogen or air blow. After total evaporation of solvent,
place sample in incubator set at 45°C overnight to remove any remaining moisture. Weigh

flask to get final oil content.
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