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ABSTRACT

The microalga Botryococcus braunii is one of many photosynthtic algae species being
investigated as renewable feedstocks for production of biofuels. One key advantage of algae as
biofuel feedstock, in view of the growing scarcity of fresh water worldwide, is the potential of
algae to grow in low-quality water, including in the nutrient-containing effluents from
wastewater-treatment plants. Indeed, algae could also potentially assist in the tertiary treatment
of such wastewaters. The aim of this study was to evaluate the suitability of reclaimed water and
secondary wastewater as alternative growing media for B. braunii production. The main
objective was to determine whether adjusting the N and P levels in each type of wastewater
relative to the control of modified Chu-13 medium would enable B. braunii to achieve the same
level of productivity in each wastewater as in the control. The results showed that : (1) In
comparing wastewater treatments with 100% NP adjustment against the Chu-13 medium, no
significant difference in algae dry mass concentration occurred between the wastewater
treatment and the control for either reclaimed water or secondary wastewater; (2) For either
reclaimed water or secondary wastewater, implementing only 50% adjustments in N and P in the
wastewater did not significantly increase the algae dry mass concentration relative to pure
wastewater, but implementing 100% adjustments did so by at least 225% relative to pure
wastewater; (3) Dry mass concentrations of B. braunii in the secondary wastewater consistently
and significantly exceeded those in reclaimed water by at least 160% at all N and P levels on day
6; (4) By day 4, over 99% of the initial nitrate concentration had been removed in treatments
with 50% and 100% NP adjustments for both types of wastewater, 90% in pure reclaimed water,
and 85% in pure secondary wastewater; and (5) Total chlorophyll levels for B. braunii in the
secondary wastewater consistently and significantly exceeded those in reclaimed water by at
least 180% at all N and P levels on day 6.

INTRODUCTION

Certain algae species serve as prolific sources of renewable substances for biofuels, including oil
for biodiesel, starch for bioethanol, and even hydrogen gas for hydrogen biofuel. Algae also
posses notable advantages as biofuel feedstock, including: (1) higher energy productivity (2 to 5-
fold) than traditional agricultural crops such as corn and soybeans; (2) capacity to assimilate
available waste carbon dioxide (CO,) from various sources; (3) smaller land-area requirement
than agricultural crops, prevention of potential compaction and erosion of soil, and prevention of
introduction of fertilizers and pesticides into soil and groundwater when algae are grown in
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scaled-up photobioreactors; (4) use of agriculturally marginal lands for scaled-up production;
and (5) potential to make unnecessary the use of certain basic food crops for biofuel production,
thereby helping prevent any unwanted increase in global food prices. Equally important, in view
of the growing scarcity of fresh water worldwide, algae appear to grow in low-quality water,
including in the nutrient-containing effluents of wastewater-treatment plants. Thus, algae could
also potentially assist in the tertiary treatment of such wastewaters.

The unicellular photosynthetic microalga Botryococcus braunii (B. braunii), a member of the
cholrophyceae (chlorophyta) family, is a promising source of renewable-energy fuel because of
its capacity to produce hyrdrocarbons (e.g., Cas to Cs;, n-alkadienes, trienes, CyHap.10 with n=30-
37, etc.) up to 75% of the algal dry mass (Banerjee et al. 2002, Casadevall et al. 1985,
Dayananda et al. 2006, Okada et al. 1997). These poly-unsaturated hydrocarbons loosely
resemble the light gas-oil fraction resulting from crude petroleum distillation (Hillen et al. 1982),
which includes diesel fuel. Maximum hydrocarbon production was determined experimentally to
occur during the exponential and early linear growth stages of the algae (Casadevall et al. 1985,
Dayananda et al. 2006), where hydrocarbon production could be estimated as a function of the
cell growth rate (Kojima and Zhang 1999).

A number of studies had investigated the growth of B. baunii in different types of wastewater.
Sawayama et al. (1992), for instance, investigated the growth of B. braunii in filtered domestic
secondary wastewater. Using wastewater collected from one source, nitrate declined from 7.67
mg/L to 0 mg/L, total chlorophyll increased from 2 mg/L to 6.3 mg/L, and algae dry mass
reached 0.34 g/L. on day 9 for a productivity of 0.04 g/L-day. Using a second wastewater
collected from another source, nitrate declined from 4.48 mg/L to 0 mg/L, total chlorophyll
increased from 2 mg/L to 5.5 mg/L, and algae dry mass reached 0.35 g/L on day 7 for a
productivity of 0.05 g/L. Meanwhile, using the modified Chu-13 medium, nitrate declined from
24 mg/L to 0 mg/L, total chlorophyll increased from 2 mg/L to 23 mg/L, and algae dry mass
reached 1.34 g/L. on day 25 for a productivity of 0.05 g/L-day. On day 6, the total chlorophyll
was about 4 mg/L, nitrate was about 19 mg/L, and algae dry mass was approximately 0.23 g/L
for a productivity of 0.04 g/L-day. Note that the modified Chu-13 medium used in this study had
a low initial nitrate level.

In a subsequent study using filtered secondary wastewater and using a continuous
photobioreactor operated with a daily dilution rate of 0.57 for the secondary wastewater,
Sawayama et al. (1994) found that the concentrations of nitrate and phosphate decreased from
5.5 to 4.0 mg N/L and 0.08 to 0.03 mg P/L over 3 days. On day 6 the algae dry mass reached
about 0.14 g/L for a productivity of 0.02 g/L.-day. The algae dry mass increased linearly over
time reaching about 0.82 g/L on day 30.

An et al. (2003) investigated the use of non-sterilized secondarily pretreated piggery wastewater
as growing medium for B. braunii. The wastewater contained initially high 788 mg/L of nitrate
and 40 mg/L of phosphate. The nitrate concentration declined to 168 mg/L, indicating that 80%
of the initial nitrate was removed over 12 days. On day 6, the algae dry mass was about 2.8 g/L.
for a productivity of 0.47 g/L-day. On day 12 the algae reached a dry mass concentration of 8.5
g/L for a productivity of 0.71 g/L-day. Meanwhile, experiments using modified Chu-13 medium
showed that algae dry mass reached a saturation value of 1.9 g/L. on day 6 for a productivity of
0.32 g/L-day, one day after nitrate was depleted from a lower initial concentration of 228 mg/L.
Phosphate was depleted on day 4 from 43 mg/L. Total chlorophyll peaked at 11 mg/L on day 5
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when nitrate began to drop below 10 mg/L. Further, the study demonstarted that algae dry mass
increased accordingly when the initial level of nitrate was increased from 44 mg/L through 2,259
mg/L. For the control nitrate level of 226 mg/L, the resulting algae dry mass reached saturation
on day 6 at 1.8 g/L for a productivity of 0.30 g/L-day, with maximum average specific growth
rate reaching 0.034/hr.

More recently, Shen et al. (2008) studied the growth of B. braunii using untreated livestock
wastewater that had been filtered and autoclaved. The treatment with autoclaved 50%
wastewater (and 50% distilled water) yielded the optimum algae growth, with a growth on day 6
of 0.25 g/L for a productivity of 0.04 g/L-day, but reached 2.5 g/L on day 30 for a productivity
of 0.08 g/L-day. The treatment had total N of about 50 mg/L and total P of about 14 mg/L, which
were practically the same as those for the modified Chu-13 medium. Total N decreased below 10
mg/L on day 10, while total P was depleted on day 10. On day 14, 88% of total N and 98% of
total P in wastewater were removed.

It was clear from the foregoing studies that the B. braunii productivity hovered over a low value
0.04 g/L-day when using various types of wastewater compared with the higher productivity
value of about 0.30 g/L-day achieved in the modified Chu-13 medium containing about 226
mg/L of nitrate. An et al. (2003) achieved a much higher productivity for B. braunii of 0.71 g/L-
day, but the wastewater they used contained a very high initial nitrate concentration of 788 mg/L,
or 3.5-fold that in the modified Chu-13 medium. While the low initial levels of nitrate and
phosphate might be cited as causing the poor algae productivity in the wastewater used by
Sawayama et al. (1992, 1994), it is noteworthy that Shen et al. (2008) achieved comparably poor
algae productivity in the wastewater they used despite the wastewater having the same levels of
N and P as those for the modified Chu-13 medium.

The aim of this study was to evaluate the suitability of reclaimed water and secondary
wastewater collected from Tucson Water, the water utility department of the city of Tucson in
Arizona, as alternative growing media for B. braunii production. The specific objectives were:
(1) to determine whether adjusting the N and P levels in each type of wastewater relative to the
control of modified Chu-13 medium would enable B. braunii to achieve the same level of
productivity in each wastewater as in the control; and (2) to determine how adjusting the N and P
levels in each type of wastewater relative to the modified Chu-13 medium would affect the total
chlorophyll in B. Braunii and the removal rates of nitrate and phosphate from each type of
wastewater.

METHODS

Experimental Design

For either reclaimed water or secondary wastewater, the treatments of growing media used to
grow B. braunii included: A = pure wastewater; B = wastewater with nitrogen and phosphorus
adjusted to 50% of those in the standard control (or wastewater with 50% NP); C = half-strength
standard control (or 50% Chu-13); D = wastewater with nitrogen and phosphorus adjusted to
100% of those in the standard control (or wastewater with 100% NP); and E = standard control
of modified Chu-13 medium (or Chu-13 medium). For each type of watewater, the five
treatments, each having two flask replications, were run with two time replications.
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The samples of reclaimed water and secondary wastewater used were collected from Tucson
Water, the water utility department of the city of Tucson in Arizona. The partial average nutrient
profiles for the samples of reclaimed water and secondary wastewater used as provided by
Tucson Water are shown in Tables 1and 2, respectively. Both types of wastewater contained
lower levels of nitrogen (N) and phosphorus (P) than the standard control of modified Chu-13
medium (Tables 1 and 2). Both types of wastewater, however, contained higher levels of salts,
which were not a concern since Rao et al. (2007) showed that certain levels of salinity could
promote B. braunii’s growth. The adjustment of N in the wastewater for specific treatments was
done by adding potassium nitrate, which was the major nitrogen component of the modified Chu
13 media. Meanwhile, phosphorus in the wastewater was adjusted by adding potassium
phosphate dibasic, which was the major source for phosphate in the modified Chu 13 media. All
growing media for all treatments were autoclaved before algae inoculation.

Table 1. Partial nutrient profiles for five treatments of growing media involving autoclaved
reclaimed water for B. braunii. A = pure reclaimed water; B = reclaimed water with nitrogen and
phosphorus adjusted to 50% of those in the standard control (or reclaimed water with 50% NP);
C = half-strength standard control (or 50% Chu-13); D = reclaimed water with nitrogen and
phosphorus adjusted to 100% of those in the standard control (or reclaimed water with 100%
NP); and E = standard control of modified Chu-13 medium (or Chu-13 medium).

Nutrients Pure Reclaimed 50% Chul3 Reclaimed Chu 13
(mg/L) Reclaimed | Water with Medium Water with Medium
Water 50% NP 100% NP
Treatment A B C D E
Calcium 76.0 76.0 15.0 76.0 30.0
Carbon 22.3 22.3 21.7 22.3 43.4
Chloride 127.0 127.0 13.3 127.0 26.5
Magnesium 14.0 14.0 9.9 14.0 19.7
Nitrogen 14.7 25.6 25.6 51.3 51.3
Phosphorus 1.6 7.1 7.1 14.2 14.2
Sodium 142.0 142.0 0.0 142.0 0.0
Sulfate 139.0 139.0 39.3 139.0 78.6

Algae Culture

Stock cultures of B. braunii were established from algae samples that had been purchased from
the U Tex culture collection. For each type of wastewater, equal amounts of initial algae inocula
were grown in the five treatments of growing media, assigning two 250-mL flasks for each
treatment. Each flask contained 200 mL of the designated medium, and stirred with a magnetic
stir bar to be well mixed, but without causing vortexing of the medium. Preconfigured 5% CO,
in air from a gas cylinder was supplied at 0.4 L/min continuously for 24 hours per day through
the main manifold that feeds into the 10 flasks. Each day, 5 mL of liquid sample was taken from
each flask. Also, the pH in each flask was adjusted back to 7.5 each day using potassium
hydroxide.
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Table 2. Partial nutrient profiles for five treatments of growing media involving autoclaved
secondary wastewater for B. braunii. A = pure reclaimed water; B = secondary wastewater with
nitrogen and phosphorus adjusted to 50% of those in the standard control (or secondary
wastewater with 50% NP); C = half-strength standard control (or 50% Chu-13); D = secondary
wastewater with nitrogen and phosphorus adjusted to 100% of those in the standard control (or
secondary wastewater with 100% NP); and E = standard control of modified Chu-13 medium (or
Chu-13 medium).

Nutrients Pure Secondary 50% Secondary Chu-13
(mg/L) Secondary | Wastewater with | Chu-13 Wastewater with | Medium
Wastewater | 50% NP 100% NP
Treatment A B C D E
Calcium 48.7 48.7 15.0 48.7 30.0
Carbon 218.0 218.0 21.7 218.0 43.4
Chloride 90.0 90.0 13.3 90.0 26.5
Magnesium 7.8 7.8 9.9 7.8 19.7
Nitrogen 20.6 25.6 25.6 51.3 51.3
Phosphorus 12.0 12.0 7.1 14.2 14.2
Sodium 116.0 142.0 0.0 116.0 0.0
Sulfate 106.0 106.0 39.3 106.0 78.6
Dry Weight

Algae dry weights were measured in 2-mL samples from each flask for each 24-hour period. The
samples were pelletted and re-suspended in deionized (DI) water. The re-suspended pellet was
then filtered on Whatman GCA filter paper and washed with DI water before being dried
overnight at 80°C.

Assays

Total chlorophyll was determined by conventional methanol extraction, followed by 1 hour of
sonication. The absorbance was then measured at 650nm and 665nm, and total chlorophyll was
calculated by the conventional method.

The nitrate level in each liquid sample was determined using a Cole Parmer Lab nitrate ion
electrode (No. 27 502-31). The probe standardization curve was read each day prior to sample
readings and the probe was allowed to reach a stable reading for a period of 3 minutes for each
reading.

Total dissolved phosphate was colormeterically using Hach Phosphate-Ortho kits (Model: PO-
19A, 0-50mg/L, No. 2248-01). The phosphate kits were used as prescribed, but were adjusted
proportionally for a smaller sample size of 5 mL.
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RESULTS AND DISCUSSION

Reclaimed Water

Figure 1 shows representative samples of the B. braunii cultures grown in the various treatments
involving reclaimed water at the end of the seven-day growth experiment. The intensity of the
cultures’ green color, indicative of the algae concentration, appeared to increase from samples A
through E, that is, from the pure reclaimed water (A) to the Chu-13 medium (E). The algae
concentration in the 50% Chu-13 (C) appeared to exceed that in reclaimed water with 50% NP
(B). The algae concentrations in both B and C, in turn, appeared to exceed that in pure reclaimed
water (A). Meanwhile, the algae concentrations in reclaimed water with 50% NP (C), reclaimed
water with 100% NP (D) and Chu-13 medium (E) could not be easily differentiated visually, but
each appeared to exceed those in A and B.

Figure 1. Representative samples of B. braunii cultures in various treatments of growing media
involving reclaimed water on day 7. A = pure reclaimed water; B = reclaimed water with
nitrogen and phosphorus adjusted to 50% of those in the standard control (or reclaimed water
with 50% NP); C = half-strength standard control (or 50% Chu-13); D = reclaimed water with
nitrogen and phosphorus adjusted to 100% of those in the standard control (or reclaimed water
with 100% NP); and E = standard control of modified Chu-13 medium (or Chu-13 medium).

Figure 2 shows the average total nitrate concentrations over time in the various growing media
involving reclaimed water for growing B. braunii. While total nitrogen (N) was the same in the
Chu-13 medium (E) and the reclaimed water with 100% NP (D), the starting nitrate
concentration for E of 227 mg/L exceeded that in D of 162 mg/L on account that N in treatment
D was also present in other forms, such as ammonium and nitrite. The same was true in the case
of the reclaimed water with 50% NP (B), having a starting nitrate concentration of 48 mg/L,
while the 50% Chu-13 (C) had 113 mg/L. The pure reclaimed water (A) had a starting nitrate
concentration of 5 mg/L.
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In general, the decline in nitrate concentration over time was precipitous, especially between day
0 and day 1 (Figure 2). On day 3, the nitrate concentration dropped below 1 mg/L in the pure
reclaimed water (A), the reclaimed water with 50% NP (B), and the 50% Chu-13 (C), while
those in reclaimed water with 100% NP (D) and the Chu-13 medium (E) decreased to
statistically indistinguishable levels of 15 + 10 mg/L and 24 + 9 mg/L, respectively. On day 4,
the nitrate concentration fell below 2 mg/L both in the reclaimed water with 100% NP (D) and in
the Chu-13 medium (E). Indeed, by day 4, over 99% of the initial nitrate concentration had been
removed in B, C, D and E and 90% in A.

The average specific removal rates of nitrate for the various treatments based on day 3 were: A =
0.036/hr; B = 0.072/hr; C = 0.076/hr; D = 0.036/hr; and E = 0.034/hr. Thus, nitrate removal rates
were maximal in the reclaimed water with 50% NP (B) and the 50% Chu-13 (C), both exceeding
by roughly twice those in the other three treatments.
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Figure 2. Average total nitrate concentrations (mg/L) and standard deviations (n=4) in various
growing media involving reclaimed water for growing B. braunii over days 1 (18 hrs), 2 (42 hrs),
3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure reclaimed water; B =
reclaimed water with nitrogen and phosphorus adjusted to 50% of those in the standard control
(or reclaimed water with 50% NP); C = half-strength standard control (or 50% Chu-13); D =
reclaimed water with nitrogen and phosphorus adjusted to 100% of those in the standard control
(or reclaimed water with 100% NP); and E = standard control of modified Chu-13 medium (or
Chu-13 medium). The starting nitrate concentrations on day 0 were A =5 mg/L, B =48 mg/L, C
=113 mg/L, D = 162 mg/L, and E =227 mg/L.

Figure 3 shows the average total phosphate concentrations over time in the various growing
media involving reclaimed water for growing B. braunii. The Chu-13 medium (E) and the
reclaimed water with 100% NP (D) had the same starting total phosphate concentration of 43.6
mg/L. Likewise, the reclaimed water with 50% NP (B) and the 50% Chu-13 (C) had the same
starting total phosphate concentration of 21.8 mg/L. The pure reclaimed water (A) had a starting
phosphate concentration of 4.8 mg/L.
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In general, the decline in phosphate concentration over time during the seven-day experiment
(Figure 3) occurred more gradually than that for nitrate concentration (Figure 2). On day 7, the
phosphate concentration dropped below 0.6 mg/L in the pure reclaimed water (A), the reclaimed
water with 50% NP (B), and the 50% Chu-13 (C), while that in reclaimed water with 100% NP
(D) decreased significantly from its initial concentration to 8.0 + 0.0 mg/L, and that in Chu-13
medium (E) also decreased significantly to 11.5 £ 0.7 mg/L. Thus, by day 7, over 96% of the
initial phosphate concentration had been removed in A, B and C, 82% in D and 74% in E.

The average specific removal rates of phosphate for the various treatments based on day 7 were:
A =0.020/hr; B = 0.022/hr; C = 0.023/hr; D = 0.010/hr; and E = 0.008/hr. Thus, as in the case of
nitrate removal rates, the average specific phosphate removal rates were maximal in both the
reclaimed water with 50% NP (B) and the 50% Chu-13 (C), both exceeding by roughly twice
those in the reclaimed water with 100% NP (D) and the Chu-13 medium (E). The average
specific phosphate removal rates, however, were slower than those for nitrate by over threefold
for most of the treatments.
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Figure 3. Average total phosphate concentrations (mg/L) and standard deviations (n=4) in
various growing media involving reclaimed water for growing B. braunii over days 1 (18 hrs), 2
(42 hrs), 3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure reclaimed
water; B = reclaimed water with nitrogen and phosphorus adjusted to 50% of those in the
standard control (or reclaimed water with 50% NP); C = half-strength standard control (or 50%
Chu-13); D = reclaimed water with nitrogen and phosphorus adjusted to 100% of those in the
standard control (or reclaimed water with 100% NP); and E = standard control of modified Chu-
13 medium (or Chu-13 medium). The starting phosphate concentrations on day 0 were A = 4.8
mg/L, B=21.8 mg/L, C=21.8 mg/L, D =43.6 mg/L, and E = 43.6 mg/L.

Figure 4 shows the average total chlorophyll concentrations over time for B. braunii grown in
various growing media involving reclaimed water. It is noteworthy that three treatments -- pure
reclaimed water (A), reclaimed water with 50% NP (B), and 50% Chu-13 (C) -- whose total
nitrate concentrations dropped below 1 mg/L on day 3 (Figure 2) reached their peak total
chlorophyll levels on day 3 (for A and B) and day 4 (for C). These trends were clearly indicated
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by the average daily accumulation rates of chlorophyll shown in Figure 5, whose values
decreased to practically zero on day 4 for A and B and on day 5 for C.

Meanwhile, with the nitrate concentration falling below 2 mg/L on day 4 (Figure 2) both in the
reclaimed water with 100% NP (D) and in the Chu-13 medium (E), E reached its peak total
chlorophyll value one day later on day 5, while treatment D did so two days later on day 6
(Figure 4). Accordingly, their respective average daily chlorophyll accumulation rates dropped to
practically zero one day after the peak chlorophyll level was reached in each case (Figure 5).

Owing to chlorophyll degradation occurring on day 7 in all treatments (Figure 5), comparisons
between treatments were accordingly made on day 6. In Figure 4, the Chu-13 medium (E) had
the maximum total chlorophyll of 19.3 + 3.0 mg/L, which significantly exceeded that of 12.1 +
1.2 mg/L for the reclaimed water with 100% NP (D). Both total chlorophyll levels significantly
exceeded those for the other three treatments. The total chlorophyll concentration of 7.8 + 0.8
mg/L for the 50% Chu-13 (C) significantly exceeded that of 3.9 + 1.4 mg/L for the reclaimed
water with 50% NP (B) and that of 2.2 + 1.8 mg/L for the pure reclaimed water (A). The total
chlorophyll levels of A and B were statistically indistinguishable.
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Figure 4. Average total chlorophyll concentrations (mg/L) and standard deviations for B. braunii
(n=4) grown in various growing media involving reclaimed water on days 1 (18 hrs), 2 (42 hrs),
3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure reclaimed water; B =
reclaimed water with nitrogen and phosphorus adjusted to 50% of those in the standard control
(or reclaimed water with 50% NP); C = half-strength standard control (or 50% Chu-13); D =
reclaimed water with nitrogen and phosphorus adjusted to 100% of those in the standard control
(or reclaimed water with 100% NP); and E = standard control of modified Chu-13 medium (or
Chu-13 medium). The starting average chlorphyll concentration on day 0 was 0.1 mg/L.

By day 6, it was clear that total chlorophyll levels had been exhibiting sensitivity to total N
levels, resulting in greater total chlorophyll levels for treatments with higher N levels (D and E)
than those with lower N levels (A, B and C). Indeed, implementing only 50% adjustments in N
and P in the reclaimed water did not significantly increase the algae chlorophyll level, but
implementing 100% adjustments did so on average by more than threefold. It is noteworthy,
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however, that in both cases of comparing reclaimed water with 100% NP (D) against the Chu-13
medium (E) and reclaimed water with 50% NP (B) against 50% Chu-13 (C), the respective
controls significantly outperformed the reclaimed-water treatments at both 50% and 100% NP.
This indicated that the differences in the composition and amounts of micronutrients (e.g.,
magnesium, iron, boron, etc.) between the controls and the reclaimed-water treatments appeared
to have constituted a significant factor for both adjustment levels of N and P.
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Figure 5. Average daily accumulation rates of chlorophyll (mg/L-hr) and standard deviations for
B. braunii (n=4) grown in various growing media involving reclaimed water on days 1 (18 hrs),
2 (42 hrs), 3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure reclaimed
water; B = reclaimed water with nitrogen and phosphorus adjusted to 50% of those in the
standard control (or reclaimed water with 50% NP); C = half-strength standard control (or 50%
Chu-13); D = reclaimed water with nitrogen and phosphorus adjusted to 100% of those in the
standard control (or reclaimed water with 100% NP); and E = standard control of modified Chu-
13 medium (or Chu-13 medium).

Figure 6 shows the average dry mass concentrations over time for B. braunii grown in various
growing media involving reclaimed water, while Figure 7 shows the average daily accumulation
rates of the algae dry mass. Again, with the total nitrate concentrations having dropped below 1
mg/L on day 3 in pure reclaimed water (A), in the reclaimed water with 50% NP (B), and in the
50% Chu-13 (C), and having fallen below 2 mg/L on day 4 both in reclaimed water with 100%
NP (D) and the Chu-13 medium (E), it was not surprising that the dry mass concentrations on
day 7 showed large standard deviations (Figure 6) and the daily dry-mass accumulation rates on
the same day were either negative or practically zero (Figure 7). Comparisons between
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treatments were thus made on day 6, where the B. braunii dry-mass concentrations of 1.19 £0.19
g/L, 0.94 £ 0.19 g/L and 0.95 £ 0.12 g/L for the Chu-13 medium (E), the reclaimed water with
100% NP (D), and the 50% Chu-13 (C), respectively, turned out to be statistically
indistinguishable, though each significantly exceeded those of 0.61+ 0.11 g/L and 0.39 +0.13
g/L for the reclaimed water with 50% NP (B) and the pure reclaimed water (A), respectively.

The corresponding average productivity of B. braunii in the various treatments based on day 6
were: A =0.07 g DW/L-day; B=0.11 g DW/L-day; C =0.16 g DW/L-day; D =0.16 g DW/L-
day; and E = 0.21 g DW/L-day. The average specific growth rates were: A = 0.038/hr; B =
0.042/hr; C = 0.045/hr; D = 0.045/hr; and E = 0.046/hr. Meanwhile, the corresponding values of
doubling time were: A = 18.1 hrs; B =16.7 hrs; C = 15.5 hrs; D = 15.5 hrs; and E = 15.0 hrs.
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Figure 6. Average dry mass concentrations (g/L) and standard deviations for B. braunii (n=4)
grown in various growing media involving reclaimed water on days 1 (18 hrs), 2 (42 hrs), 3 (66
hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure reclaimed water; B = reclaimed
water with nitrogen and phosphorus adjusted to 50% of those in the standard control (or
reclaimed water with 50% NP); C = half-strength standard control (or 50% Chu-13); D =
reclaimed water with nitrogen and phosphorus adjusted to 100% of those in the standard control
(or reclaimed water with 100% NP); and E = standard control of modified Chu-13 medium (or
Chu-13 medium). The starting average dry mass concentration on day 0 was 0.002 g/L.

By day 6, it was clear that B. braunii growth had been exhibiting sensitivity to total N levels,
resulting in greater dry mass levels for treatments with higher N levels (E, D and C) than those
with lower N levels (A and B). As in the case of total chlorophyll levels, implementing 50%
adjustments in N and P in the reclaimed water did not significantly increase the algae dry mass
concentration, while implementing 100% adjustments did so 2.4-fold. But unlike in the case of
total chlorophyll, implementing 100% adjustments in N and P in reclaimed water resulted in
algae dry mass concentration that was statistically indistinguishable with that of the Chu-13
medium (E). That the resulting algae dry mass concentration of the reclaimed water with 100%
NP (D) was statistically the same as that of the Chu-13 medium (E) indicated that differences in
the composition and amounts of micronutrients (e.g., magnesium, iron, boron, etc.) between the
two growing media did not constitute a significant factor at those high levels of N and P. With
only 50% adjustments in N and P, however, differences in the composition and amounts of
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micronutrients (e.g., magnesium, iron, boron, etc.) between the reclaimed water with 50% NP
(B) and the 50% Chu-13 (C) appeared to have constituted a significant factor, resulting in the
algae dry mass concentration of C significantly exceeding that of B.

Daily Growth Rates (dry g/L-hr)

0.050

0.040

0.030

] I
L JI { .
o iR LEE gt Al R

90 T 114 138 II!!Z

—_

Daily Growth Rate (dry g/L-hr)

18 1112

-0.010

-0.020

-0.030
Time (hours)

m Growth Rate A Growth Rate B m Growth Rate C m Growth Rate D Growth Rate E

Figure 7. Average daily accumulation rates of dry mass (g/L-hr) and standard deviations for B.
braunii (n=4) grown in various growing media involving reclaimed water on days 1 (18 hrs), 2
(42 hrs), 3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure reclaimed
water; B = reclaimed water with nitrogen and phosphorus adjusted to 50% of those in the
standard control (or reclaimed water with 50% NP); C = half-strength standard control (or 50%
Chu-13); D = reclaimed water with nitrogen and phosphorus adjusted to 100% of those in the
standard control (or reclaimed water with 100% NP); and E = standard control of modified Chu-
13 medium (or Chu-13 medium).

Secondary Wastewater

Figure 8 shows representative samples of the B. braunii cultures grown in the various treatments
involving secondary wastewater at the end of the seven-day growth experiment. The intensity of
the cultures’ green color, indicative of the algae concentration, appeared to increase from
samples A through E, that is, from the pure secondary wastewater (A) to the Chu-13 medium
(E). The algae concentrations in pure secondary wastewater (A), secondary wastewater with 50%
NP (B), and 50% Chu-13 (C) appeared indistinguishable. The algae concentrations in secondary
wastewater with 100% NP (D) and Chu-13 medium (E) also appeared indistinguishable, though
they clearly appeared to exceed those in the other three treatments.

JOURNAL OF EUEC, Volume 3, 2009 12
© 2009 Energy and Environment Conference



A A B B C C D D E E

Figure 8. Duplicate representative samples of B. braunii cultures in various treatments of
growing media involving secondary wastewater on day 7. A = pure secondary wastewater; B =
secondary wastewater with nitrogen and phosphorus adjusted to 50% of those in the standard
control (or secondary wastewater with 50% NP); C = half-strength standard control (or 50%
Chu-13); D = secondary wastewater with nitrogen and phosphorus adjusted to 100% of those in
the standard control (or secondary wastewater with 100% NP); and E = standard control of
modified Chu-13 medium (or Chu-13 medium).

Figure 9 shows the average total nitrate concentrations over time in the various growing media
involving secondary wastewater for growing B. braunii. While total N was the same in the Chu-
13 medium (E) and the secondary wastewater with 100% NP (D), the starting nitrate
concentration for E of 227 mg/L exceeded that in D of 136 mg/L on account that N in treatment
D was also present in other forms, such as ammonium and nitrite. The same was true in the case
of the secondary wastewater with 50% NP (B), having a starting nitrate concentration of 22
mg/L, while the 50% Chu-13 (C) had 113 mg/L. The pure secondary wastewater (A) had a
starting nitrate concentration of 3 mg/L.

In general, the decline in nitrate concentration over time was precipitous, especially between day
0 and day 1 (Figure 9). On day 3, the nitrate concentration dropped below 1.5 mg/L in the pure
secondary wastewater (A), in the secondary wastewater with 50% NP (B), and in the 50% Chu-
13 (C), while those in secondary wastewater with 100% NP (D) and the Chu-13 medium (E)
decreased to statistically indistinguishable levels of 13 + 4 mg/L and 19 + 9 mg/L, respectively.
On day 4, the nitrate concentration fell below 1 mg/L both in the secondary wastewater with
100% NP (D) and in the Chu-13 medium (E). Indeed, by day 4, over 99% of the initial nitrate
concentration had been removed in B, C, D and E and 85% in A.

The average specific removal rates of nitrate for the various treatments based on day 3 were: A =
0.021/hr; B = 0.055/hr; C = 0.067/hr; D = 0.036/hr; and E = 0.038/hr. Thus, nitrate removal rates
were maximal in the secondary wastewater with 50% NP (B) and the 50% Chu-13 (C), setting
the same trends as in reclaimed water.
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Figure 9. Average total nitrate concentrations (mg/L) and standard deviations (n=4) in various
growing media involving secondary wastewater for growing B. braunii over days 1 (18 hrs), 2
(42 hrs), 3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure secondary
wastewater; B = secondary wastewater with nitrogen and phosphorus adjusted to 50% of those in
the standard control (or secondary wastewater with 50% NP); C = half-strength standard control
(or 50% Chu-13); D = secondary wastewater with nitrogen and phosphorus adjusted to 100% of
those in the standard control (or secondary wastewater with 100% NP); and E = standard control
of modified Chu-13 medium (or Chu-13 medium). The starting nitrate concentrations on day 0
were A=3mg/L, B=22mg/L, C=113mg/L, D =136 mg/L, and E =227 mg/L.

The average total phosphate concentrations over time in the various growing media involving
secondary wastewater for growing B. braunii appeared similar to those involving reclaimed
water (Figure 3). The Chu-13 medium (E) and the secondary wastewater with 100% NP (D) had
the same starting total phosphate concentration of 43.6 mg/L. Likewise, the secondary
wastewater with 50% NP (B) and the 50% Chu-13 (C) had the same starting total phosphate
concentration of 21.8 mg/L. The pure secondary wastewater (A) had a starting phosphate
concentration of 12.0 mg/L.

As in the case for reclaimed water, the decline in phosphate concentration over time in secondary
wastewater during the seven-day experiment occurred generally more gradually than that for
nitrate concentration. On day 7, the phosphate concentration dropped below 0.6 mg/L in the pure
secondary wastewater (A), in the secondary wastewater with 50% NP (B), in the 50% Chu-13
(C), and in the Chu-13 medium (E), while that in secondary wastewater with 100% NP (D)
decreased significantly to 11.8 + 1.1 mg/L. Thus, by day 7, over 99% of the initial phosphate
concentration had been removed in A, C and E, 97% in B and 73% in E.

The average specific removal rates of phosphate for the various treatments based on day 7 were:
A =0.030/hr; B =0.023/hr; C = 0.033/hr; D = 0.001/hr; and E = 0.038/hr. Thus, the average
specific phosphate removal rates were maximal in both the 50% Chu-13 (C) and the Chu-13
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medium (E). The average specific phosphate removal rates were generally slower than those for
nitrate for the respective treatments.

Figure 10 shows the average total chlorophyll concentrations over time for B. braunii grown in
various growing media involving secondary wastewater. It is noteworthy that three treatments --
pure secondary wastewater (A), secondary wastewater with 50% NP (B), and 50% Chu-13 (C) --
whose total nitrate concentrations dropped below 1.5 mg/L on day 3 (Figure 9) reached their
peak total chlorophyll levels on day 3 (for A) and day 4 (for B and C). These trends were clearly
indicated by the average daily accumulation rates of chlorophyll shown in Figure 12, whose
values decreased to practically zero on day 4 for A and on day 5 for B and C.

Meanwhile, with the nitrate concentration falling below 1 mg/L on day 4 both in the secondary
wastewater with 100% NP (D) and in the Chu-13 medium (E), both D and E reached their peak
total chlorophyll values one day later on day 5 (Figure 12). Accordingly, their respective average
daily chlorophyll accumulation rates dropped to practically zero one day later on day 6 (Figure
11).

Owing to chlorophyll degradation occurring on day 7 in all treatments (Figure 11), comparisons
between treatments were accordingly made on day 6. In Figure 10, the secondary wastewater
with 100% NP (D) and the Chu-13 medium (E) had maximum total chlorophyll levels of 22.3 +
0.9 mg/L and 19.7 + 3.3 mg/L, respectively, which were statistically indistinguishable from each
other, and which significantly exceeded those of 8.2 + 2.0 mg/L, 8.9 + 0.8 mg/L, and 6.2 £ 0.8
mg/L for the 50% Chu-13 (C), the secondary wastewater with 50% NP (B), and the pure
secondary wastewater (A), respectively. The total chlorophyll levels of A, B and C were
statistically indistinguishable from one another.

By day 6, it was clear that total chlorophyll levels had been exhibiting sensitivity to total N
levels, resulting in greater total chlorophyll levels for treatments with higher N levels (D and E)
than those with lower N levels (A, B and C). Indeed, implementing only 50% adjustments in N
and P in the secondary wastewater did not significantly increase the algae chlorophyll level, but
implementing 100% adjustments did so by 3.6-fold. It is noteworthy, however, that in both cases
of comparing secondary wastewater with 100% NP (D) against the Chu-13 medium (E) and
secondary wastewater with 50% NP (B) against 50% Chu-13 (C), the significant differences in
total chlorophyll levels that existed in the case of reclaimed water did not occur here in the case
of secondary wastewater. This indicated that the differences in the composition and amounts of
micronutrients (e.g., magnesium, iron, boron, etc.) between the controls and the secondary-
wastewater treatments appeared to have not been a significant factor to total chlorophyll levels,
regardless of the adjustment levels of N and P.

JOURNAL OF EUEC, Volume 3, 2009 15
© 2009 Energy and Environment Conference



Secondary Wastewater Total Chlorophyll
mg/L

00 (mg/L)

250
0o ,/%,4:%\ <4
E" 15.0 3
=E 10.0
(=]
S j:%. é
= 5.0
=2
|§ .0

0 50 Time {hours) 100 150
—8— Average A |B—Average B —A—Average U —M— Averzge U —8— Averzge b

Figure 10. Average total chlorophyll concentrations (mg/L) and standard deviations for B.
braunii (n=4) grown in various growing media involving secondary wastewater on days 1 (18
hrs), 2 (42 hrs), 3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure
secondary wastewater; B = secondary wastewater with nitrogen and phosphorus adjusted to 50%
of those in the standard control (or secondary wastewater with 50% NP); C = half-strength
standard control (or 50% Chu-13); D = secondary wastewater with nitrogen and phosphorus
adjusted to 100% of those in the standard control (or secondary wastewater with 100% NP); and
E = standard control of modified Chu-13 medium (or Chu-13 medium). The starting average
chlorphyll concentration on day 0 was 0.1 mg/L.
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Figure 11. Average daily accumulation rates of chlorophyll (mg/L-hr) and standard deviations
for B. braunii (n=4) grown in various growing media involving secondary wastewater on days 1
(18 hrs), 2 (42 hrs), 3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure
secondary wastewater; B = secondary wastewater with nitrogen and phosphorus adjusted to 50%
of those in the standard control (or secondary wastewater with 50% NP); C = half-strength
standard control (or 50% Chu-13); D = secondary wastewater with nitrogen and phosphorus
adjusted to 100% of those in the standard control (or secondary wastewater with 100% NP); and
E = standard control of modified Chu-13 medium (or Chu-13 medium).
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Figure 12 shows the average dry mass concentrations over time for B. braunii grown in various
growing media involving secondary wastewater, while Figure 13 shows the average daily
accumulation rates of the algae dry mass. Again, with the total nitrate concentrations having
dropped below 1.5 mg/L on day 3 in pure secondary wastewater (A), the secondary wastewater
with 50% NP (B), and the 50% Chu-13 (C), and having fallen below 1 mg/L on day 4 both in
reclaimed water with 100% NP (D) and the Chu-13 medium (E) (Figure 9), it was not surprising
that the dry mass concentrations on day 7 showed large standard deviations (Figure 12) and the
daily dry-mass accumulation rates on the same day were either negative or practically zero
(Figure 13). Comparisons between treatments were thus made on day 6, where the maximal B.
braunii dry-mass concentrations of 1.95 + 0.61 g/L for the secondary wastewater with 100% NP
(D) and 1.25 £ 0.23 g/L for the Chu-13 medium (E) were statistically indistinguishable, though
that for D significantly exceeded those for all the other treatments of pure secondary wastewater
(A) of 0.86 £ 0.08 g/L, secondary wastewater with 50% NP (B) of 0.99 £ 0.14 g/L, and 50%
Chu-13 (C) 0f 0.94 + 0.09 g/L. The dry-mass concentration of E was statistically
indistinguishable with those of A, B and C.

The corresponding average productivity of B. braunii in the various treatments based on day 6
were: A =0.15 g DW/L-day; B =0.17 g DW/L-day; C =0.16 g DW/L-day; D = 0.34 g DW/L-
day; and E = 0.22 g DW/L-day. The average specific growth rates were: A = 0.044/hr; B =
0.045/hr; C = 0.045/hr; D = 0.050/hr; and E = 0.047/hr. Meanwhile, the corresponding values of
doubling time were: A = 15.8 hrs; B = 15.4 hrs; C = 15.5 hrs; D = 13.9 hrs; and E = 14.9 hrs.

By day 6, it was clear that B. braunii growth had been exhibiting sensitivity to total N levels,
resulting in greater dry mass levels for treatments with higher N levels (D and E) than those with
lower N levels (A, B and C). As in the case of total chlorophyll levels, implementing 50%
adjustments in N and P in the secondary wastewater did not significantly increase the algae dry
mass concentration, while implementing 100% adjustments did so by 2.3-fold. And in both cases
of comparing secondary wastewater with 100% NP (D) against the Chu-13 medium (E) and
secondary wastewater with 50% NP (B) against 50% Chu-13 (C), no statistically significant
differences resulted, just like in the case for total chlorophyll. This indicated that the differences
in the composition and amounts of micronutrients (e.g., magnesium, iron, boron, etc.) between
the controls and the secondary-wastewater treatments appeared to have not been a significant
factor to dry mass concentration for both adjustment levels of N and P.
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Figure 12. Average dry mass concentrations (g/L.) and standard deviations for B. braunii (n=4)
grown in various growing media involving secondary wastewater on days 1 (18 hrs), 2 (42 hrs),
3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure secondary wastewater; B
= secondary wastewater with nitrogen and phosphorus adjusted to 50% of those in the standard
control (or secondary wastewater with 50% NP); C = half-strength standard control (or 50%
Chu-13); D = secondary wastewater with nitrogen and phosphorus adjusted to 100% of those in
the standard control (or secondary wastewater with 100% NP); and E = standard control of
modified Chu-13 medium (or Chu-13 medium). The starting average dry mass concentration on
day 0 was 0.002 g/L.

Reclaimed Water vs. Secondary Wastewater

Nitrate and Phosphate Removal

Nitrate removal rates were generally comparable in the reclaimed water and the secondary
wastewater for the same treatments. For both types of wastewater, the nitrate concentration
dropped below 1.5 mg/L on day 3 in three treatments, namely, pure wastewater (A), wastewater
with 50% NP (B), and the 50% Chu-13 (C), and then below 2 mg/L on day 4 in the other two
treatments -- wastewater with 100% NP (D) and the Chu-13 medium (E). For both types of
wastewater, nitrate removal rates were maximal in the wastewater with 50% NP (B) and the 50%
Chu-13 (C) — 0.072/hr and 0.076/hr for reclaimed water and 0.055/hr and 0.067/hr for secondary
wastewater, respectively. Indeed, for both types of wastewater, by day 4, over 99% of the initial
nitrate concentration had been removed in B, C, D and E. Also, by day 4, 90% of the initial
nitrate concentration had been removed in pure reclaimed water (A), while 85% had been
removed in pure secondary wastewater (A).
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Figure 13. Average daily accumulation rates of dry mass (g/L-hr) and standard deviations for B.
braunii (n=4) grown in various growing media involving secondary wastewater on days 1 (18
hrs), 2 (42 hrs), 3 (66 hrs), 4 (90 hrs), 5 (114 hrs), 6 (138 hrs) and 7 (162 hrs). A = pure
secondary wastewater; B = secondary wastewater with nitrogen and phosphorus adjusted to 50%
of those in the standard control (or secondary wastewater with 50% NP); C = half-strength
standard control (or 50% Chu-13); D = secondary wastewater with nitrogen and phosphorus
adjusted to 100% of those in the standard control (or secondary wastewater with 100% NP); and
E = standard control of modified Chu-13 medium (or Chu-13 medium).

Likewise, phosphate removal rates were generally comparable in the reclaimed water and the
secondary wastewater for the same treatments, and the decline in phosphate concentrations over
time occurred more gradually than that for nitrate concentrations. For both types of wastewater,
the phosphate concentration dropped below 0.6 mg/L on day 7 in the pure wastewater (A), the
wastewater with 50% NP (B), and the 50% Chu-13 (C), and to less than 12.0 mg/L in wastewater
with 100% NP (D) and the Chu-13 medium (E). For reclaimed water by day 7, over 96% of the
initial phosphate concentration had been removed in A, B and C, 82% in D and 74% in E.
Meanwhile, for secondary wastewater by day 7, over 99% of the initial phosphate concentration
had been removed in A, C and E, 97% in B and 73% 1in E.

The nitrate removal rates for both types of wastewater in the current study exceeded those
reported by An et al. (2003) using non-sterilized secondarily pretreated piggery wastewater as
growing medium for B. braunii. In their wastewater study, nitrate declined from 788 mg/L to 168
mg/L over 12 days, corresponding to an average specific removal rate of only 0.005/hr, with
80% of the initial nitrate removed over 12 days.

The nitrate removal rates in the present study also exceeded that reported by Shen et al. (2008)
using untreated livestock wastewater that had been filtered and autoclaved to grow B. braunii.

JOURNAL OF EUEC, Volume 3, 2009 19
© 2009 Energy and Environment Conference



The treatment with autoclaved 50% wastewater (and 50% distilled water), which yielded the
optimum algae growth, had 221 mg/L of nitrate and 43 mg/L of phosphate, which were
practically the same as those for the modified Chu-13 medium. The nitrate level decreased below
44 mg/L on day 10, corresponding to an average specific removal rate of only 0.007/hr, with
88% of total N removed on day 14.

Further, the nitrate removal rates in the present study also exceeded that reported by Sawayama
et al. (1992) using filtered domestic secondary wastewater to grow B. braunii. Their wastewater
nitrate declined from 7.67 mg/L to 0.01 mg/L on day 9, corresponding to an average specific
removal rate of only 0.031/hr.

Total Chlorophyll

Total chlorophyll levels for B. braunii in the secondary wastewater consistently and significantly
exceeded those in reclaimed water by at least 180% at all N and P levels on day 6. Thus, total
chlorophyll levels in the secondary wastewater of 22.3 + 0.9 mg/L, 8.9 + 0.8 mg/L, and 6.2 + 0.8
mg/L for the secondary wastewater with 100% NP (D), secondary wastewater with 50% NP (B),
and pure secondary wastewater (A), respectively, significantly exceeded those of 12.1 + 1.2
mg/L, 3.9 + 1.4 mg/L, and 2.2 + 1.8 mg/L for their corresponding reclaimed-water treatments,
respectively. As expected, total chlorophyll levels for each control (E or C) showed no
significant difference between the two wastewater groups.

Thus, for both types of wastewater, total chlorophyll levels exhibited sensitivity to total N levels,
resulting in greater total chlorophyll levels for treatments with higher N levels (D > B or A).
Indeed, for either reclaimed water or secondary wastewater, implementing only 50% adjustments
in N and P in the wastewater did not significantly increase the algae total chlorophyll level
relative to pure wastewater, but implementing 100% adjustments did so on average by more than
threefold relative to pure wastewater.

And in comparing wastewater with 100% NP (D) against the Chu-13 medium (E) and
wastewater with 50% NP (B) against 50% Chu-13 (C), the respective controls significantly
outperformed the wastewater treatments at both 50% and 100% NP in the case of reclaimed
water, suggesting that the differences in the composition and amounts of micronutrients (e.g.,
magnesium, iron, boron, etc.) between the controls and the reclaimed-water treatments most
likely constituted a significant factor for both adjustment levels of N and P.

In the case of secondary wastewater, however, no significant differences occurred between the
wastewater treatments and their respective controls at both 50% and 100% NP. This suggested
that, in the case of secondary wastewater, the differences in the composition and amounts of
micronutrients (e.g., magnesium, iron, boron, etc.) between the controls and the wastewater
treatments did not constitute a significant factor to total chlorophyll levels at the various
adjustment levels of N and P.

In the study by An et al. (2003), their modified Chu-13 medium yielded a peak total chlorophyll
of 11 mg/L on day 5, which was comparable to the 12 mg/L produced in the reclaimed water
with 100% NP (D), but less than the 22 mg/L produced in the secondary wastewater with 100%
NP (D) and less than the 19 mg/L produced in the Chu-13 medium (E) used in the current study.
In the study by Sawayama et al. (1992) using filtered domestic secondary wastewater, total
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chlorophyll increased in one wastewater to 6.3 mg/L only and in another wastewater to 5.5 mg/L
only on day 9.

Dry Mass Concentration

Dry mass concentrations of B. braunii in the secondary wastewater consistently and significantly
exceeded those in reclaimed water by at least 160% at all N and P levels on day 6. Thus, dry-
mass concentrations in the secondary wastewater of 1.95 + 0.61 g/L, 0.99 £ 0.14 g/L, and 0.86 +
0.08 g/L for the secondary wastewater with 100% NP (D), the secondary wastewater with 50%
NP (B), and the pure secondary wastewater (A), respectively, significantly exceeded those of
0.94 +£0.19 g/, 0.61 £0.11 g/L and 0.39 £ 0.13 g/L for their corresponding reclaimed-water
treatments, respectively. At 100% NP, the average productivity of B. braunii in the secondary
wastewater was 0.34 ¢ DW/L-day, exceeding that in reclaimed water of 0.16 g DW/L-day.
Similarly at 100% NP, the average specific growth rate of B. braunii in the secondary
wastewater was 0.050/hr, exceeding that in reclaimed water of 0.045/hr. And at 100% NP, the
algae’s corresponding doubling time in secondary wastewater was 13.9 hrs, while that in
reclaimed water was a longer 15.5 hrs. As expected, algae dry mass concentrations for each
control (E or C) showed no significant difference between the two wastewater groups.

For comparison, in the study by Shen et al. (2008) on the growth of B. braunii using untreated
livestock wastewater that had been filtered and autoclaved -- and using the optimum treatment
with autoclaved 50% wastewater (and 50% distilled water) whose total N and total P were
practically the same as those for the modified Chu-13 medium -- an algae growth on day 6 of
only 0.25 g/L (productivity of 0.04 g/L.-day) was achieved. And in the study by Sawayama et al.
(1992) on the growth of B. braunii in filtered domestic secondary wastewater, algae dry mass
reached 0.34 g/L only on day 9 (productivity of 0.04 g/L-day) for one wastewater sample and
reached 0.35 g/L only on day 7 (productivity of 0.05 g/L) for another wastewater sample. Thus,
the resulting productivities in the present study using autoclaved wastewater for B. braunii of
0.16 g DW/L-day (100% NP), 0.11 g DW/L-day (50% NP), and 0.07 g DW/L-day (pure
wastewater) for reclaimed water, and of 0.34 g DW/L-day (100% NP), 0.17 g DW/L-day (50%
NP), and 0.15 g DW/L-day (pure wastewater) for secondary wastewater, all exceeded the
foregoing values from earlier studies reported in the literature using various types of wastewater.

For both types of wastewater in the present study, algae dry mass concentrations exhibited
sensitivity to total N levels, resulting in greater dry mass accumulation for treatments with higher
N levels (D > B or A). Indeed, for either reclaimed water or secondary wastewater, implementing
only 50% adjustments in N and P in the wastewater did not significantly increase the algae dry
mass concentration relative to pure wastewater, but implementing 100% adjustments did so by at
least 225% relative to pure wastewater.

In comparing wastewater treatments with 100% NP adjustment (D) against the Chu-13 medium
(E), no significant difference in algae dry mass concentration occurred between the wastewater
treatment and the control for either reclaimed water or secondary wastewater. This suggested
that, for either wastewater type, the differences in the composition and amounts of
micronutrients (e.g., magnesium, iron, boron, etc.) between the control and the treatment did not
constitute a significant factor to algae growth at 100% NP adjustment.

Similarly, at 50% NP adjustment, no significant difference in algae dry mass concentration

occurred between the secondary-wastewater treatment (B) and the 50% Chu-13 control (C). In
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the case of reclaimed water, however, the algae dry mass of the 50% Chu-13 control (C)
significantly exceeded that of the reclaimed-water treatment with 50% NP (B).

CONCLUSIONS
Following were the conclusions of the study:

1. In comparing wastewater treatments with 100% NP adjustment (D) against the Chu-13
medium (E), no significant difference in algae dry mass concentration occurred between the
wastewater treatment and the control for either reclaimed water or secondary wastewater;

2. For either reclaimed water or secondary wastewater, implementing only 50% adjustments in N
and P in the wastewater did not significantly increase the algae dry mass concentration relative to
pure wastewater, but implementing 100% adjustments did so by at least 225% relative to pure
wastewater;

3. Dry mass concentrations of B. braunii in the secondary wastewater consistently and
significantly exceeded those in reclaimed water by at least 160% at all N and P levels on day 6;

4. Nitrate or phosphate removal rates were closely similar in the reclaimed water and the
secondary wastewater for the same treatments. By day 4, over 99% of the initial nitrate
concentration had been removed in 50% NP adjustment (B), 50% Chu-13 (C), 100% NP
adjustment (D) and Chu-13 medium (E) for both types of wastewater, 90% in pure reclaimed
water, and 85% in pure secondary wastewater. In the case of reclaimed water, over 96% of the
initial phosphate concentration had been removed in A, B and C, 82% in D, and 74% in E by day
7. An in the case of secondary wastewater, over 99% of the initial phosphate concentration had
been removed in A, C and E, 97% in B, and 73% in E by day 7;

5. In comparing wastewater treatments with 100% NP adjustment (D) against the Chu-13
medium (E), while the chlorophyll level in the control significantly exceeded that in the
treatment for reclaimed water, no significant difference in total chlorophyll levels occurred
between the control and the treatment for secondary wastewater.;

6. For either reclaimed water or secondary wastewater, implementing only 50% adjustments in N
and P in the wastewater did not significantly increase the algae total chlorophyll level relative to
pure wastewater, but implementing 100% adjustments did so on average by more than threefold
relative to pure wastewater; and,

7. Total chlorophyll levels for B. braunii in the secondary wastewater consistently and
significantly exceeded those in reclaimed water by at least 180% at all N and P levels on day 6.
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