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= pros and cons, state of technology, potential
solutions

= Approach & Experimental designs -
= Results
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effluent commonly. mvolve blologlcal nutrient
removal (BNR) using bacteria

Figure 1: Biological Nitrogen Removal
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— v Phycoremediation — the Use offalo

. or reduce nutrients

Potential replacement for BNR or post-BNR

polishing

» Certain sectors have already capitalized onithe
ability of algae to take up a diverse suite of N:

Aquaculture agriculture, Ilvestock and small..~
' T ————
comm astewate lities™

‘nere'are many bioreactorn designs that
achieve nutrient removal using algae
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Ph coremediation - Pros

____- No need for supplemental carbon (C) addltlons —

L

(e.g. methanol) — need to control pH/aerate

= Algae also remove phosphorus (P) during their
growth — could reduce P removal costs

= No gaseous N intermediates (e.g., N;O)
= |pnexpensive, simple, and environmentally friendly.
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Phycoremediation - Cons
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~..._Stream

= Continuous flow — chemostat reactors

= Short in-plant hydraulic residence times (HRTSs)
and high flow rates — need fast-growing algae!

= Balance conversion of N to biomass and wash
out

ﬂp’éce Iarge surface area reﬁﬁ'ﬁed 10) pr@wde—

. Requwes Iarge footprint
= Existing WWTP reactors use less space
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= Phycoremediation technologies using algae

—.__have been developed
| US or where space is

, primarily outside of the
not limiting

= While various phycoremediation techniques

have been described,
for use in large WWT
for plants with short H

none have been designed
P applications (>1-3 MGD)
RTs (< 4-8 hours)

ﬂlgal nutrient remova
2)as PO,

ammonium (NH,*)

has focused on.dissolved.
primarily as
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= Separation problem - Immobilize algae so.
- ~they can-be easily removed
— Natural polymers — sodium alginate

— Embed or apply as a biofilm -

* Light problem - Increase light penetration
— Submerged light sources
= Side-emittingfibenoptic

olar/light collectors
— Wavelength specific light sources
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Algal Selection

» Mixed algal suspension from WWTP
= Chlorella spp.
» Desmodesmus spp.

3.

Algal Immobilization

» Embed as beads, strands, or layers in sodium
alginate
= Attach to biofilm carriers

§-

Nutrient Removal

» Polishing step for final effluent from wastewater
treatment process

=N removal: NO5, NH,*, DON
» Evaluate P requirements for algae and P removal

Optimization

= Temperature - 15, 20, 25, 30°C

» Light supply — surface, surround, side-emitting
fiber optics

» Mixing/aeration

= CO, concentrations

* Biological endpoints —
Chl a, fluorescence, cell
counts, productivity

« Nutrient concentrations —
TDN, NOx-N, NH,*, DON,
PO,

« pH, DIC

Measurements
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ological — Chlorophyll a,

Algal |
= Embed as be. rescence, cell counts,
alginate ductivity

= Attach to biof Jtrient concentrations —

N, NOx-N, NH,*, DON,

Nutrié
» Polishing stef®

treatment pr
»* N removal: N{
» Evaluate P re °», \

Op?

» Temperature
» Light supply
fiber optics
» Mixing/aeratig

" CO, concentrs__.;
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2. Small-scale (<1L) encapsulation (alginate
beads) in batch mode, light penetration from all
sides

a) Altered aeration/mixing
b) Altered temperature

E‘.arger Sca encapsulati

ontinuous flow
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b) pH effects
c) Varied light source



Experimental.constants
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m jative Plant treated effluent (fully”
~ __nltrlfyj_r_lgm_artlally denitrifying)

— NH, <1 mg/L

— NOx-N =5 -7 mg/L

— OP<0.1-0.3 mg/L

— TP < 0.5 mg/L

= _All experiments conducted using 24 h light

ﬂalwaysaﬁs@aﬁ 6,\:1.PX(@lgal mola"l\l'P‘—

= All bioreactors either mixed or aerated
= Growth rates calculated as doubling times
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~ = Algae like to grow'in wastewater

Fluorescence
Fluorescence

a2
25
20
15
10

5

Time elapsed (d)

Time elapsed (d)

PDESModesmus sp:and Chlorella v.
— common freshwater algae, grow
well in effluent
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. Sodlum algmate-- =

e —— _
— Simple and cost-effective natural polymers,

derived from algae, form rigid beads when
dropped into an ionic solution. _

— When mixed with suspended algae, beads
encapsulate algae that can grow within the

ﬂlymer allowmg nutrients ffoms ffluentlt@“
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ERAlgEeIkeTo growARRaSIEWaleRVaIe=
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encapsulated

Time elapsed (d)

(ehlorellan;
doubling time
greater in aerated
bioreactor

4
Time elasped (d)

Chlorella v. doubling
times similar in
different temperature
bioreactors
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Type of algae/ free or Batch or flow Doubling time NOx-N .removal P removal efficiency
embedded through (d) efficiency

Desmodesmus/free Batch 51+0.6 N/A N/A
Desmodesmus/free FT! (0.2 mL/min) 0 20% N/A
Desmodesmus/free Batch 49+0.5 <40% N/A
Synechococcus/free Batch 0 N/A N/A
Chlorella/free Batch 25+04 N/A N/A
_ Chlorella/embedded Batch 4.7 +0.3 N/A N/A
Chlorella/embedded Batch 40+£0.5 N/A N/A
- Chlorella/embedded Batch 1.6+0.1 100% in 4d 90% in 4d
- Chlorella/embedded Batch 40+£0.5 100% in 6d 90% in 12d



Results —large- scale

4 5 0 2 4 5
Time elapsed (d) Time elapsed (d)

DOULIING tiMmexs8iE0i51d 110096"NOX-N
reductioniin 4 days

* 30° C bioreactor,
overhead fluorescent light
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MNOZ+MNO2 25

Time elapsed (d)

11009"NOX-N
reductioniin 2 days

Time elapsed (d)

Ploytje)liglepidlinncs 2.2 & 0,8 ¢

* 30° C bioreactor,
Increased light by 23%



reduction
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MO3+NO2%

' 0 0.5 1 1.5 2
Time elapsed (d) Time elapsed (d)

1—50ubling timeradedss0.3,d 10056"NOX-N
- - reductionin 1 day.

* 30° C bioreactor, increased
light by 23%, pH = 7-7.5



ES S — FIOW triroticirl SVYSterr
= 5| bioreactors (3.6l effluent), stirred, 80°C,
23% Increased light, 5 mL/min (12 h HRT)

PeUBIing time . 1.8 + 0.4 d <1009 NOx-N
reduction in 3 days
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Sl hiereactors, stirred; S0° 23800 Ineieased:

--‘

—__light, 5 mL/min (12 h HRT) submersible

wavelength specific LEDs (623 nm)

. >
5
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Doubling time : 0.89 £ 0.04 d Only 50% NOXx-N
reduction in 3 days
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w5l hioreactors, sti stirred) 30°C, 23% increased:
Iight, 5 mL/min (12 h HRT), submersible
wavelength specific LEDs (red; 623 nm), pH
maintained (7-7.5

Doubling time : 0.48 £+ 0.01 d 100% NOx-Nreduction in 1
day (2/3 replicates)
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w5 ioreactors, sti 30°C; 23% increased:
light, 8.5 mL/Min* (6.5 h HRT), submersible
wavelength specific LEDs (red; 623 nm), pH
maintained (7-7.5)

Time elapsed (d)

Doubling time : 0.72 £+ 0.01 d 100% NOx-N reduction in 1
day



XES] OWAINGO LG SV SLEN]

— = 5[ bioreactors, stirred, 20°C; 23% increased:
light, 8.5 mL/min (6.5 h HRT), submersible
wavelength specific LEDs (red; 623 nm), pH

maintained (7-7.5)

NOX-N producedbut VIP
effluent was
uncharacteristically dominated
by NHzawhich was . depleted to™
Ouvithins24m; -

Time elapsed (d)

Doubling time : 0.52 £ 0.08 d
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Ilght 8. 5 mL/mln (6.5 h HRT) submerS|bIe
wavelength specific LEDs (red; 623 nm), pH
maintained (7-7.5), bead/effluent = 10% (Vv/v)
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0.6 0.8
Time elapsed (d)

Doubling time : 0.68 + 0.26 d 80% NOXx-Nreduction in 1
day
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SIS IEIEACIONS; StifEd; 20N EF28Y/ 0 ACIEaSER
Ilght 5 mL/mln (121 HRT) submersible
wavelength specific LEDs (red; 623 nm), pH

maintained (7-7.5), coated biofilm carriers

NO3+NO2 % reduction

Time elapsed (d)

100% NOx-Nreductionin 28h 80 —=90% TDN reduction In
28 h
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Results — Summary.

Type of algae/ free or
embedded

Chlorella/embedded
Chlorella/embedded
Chlorella/embedded

Chlorella/embedded

Chlorella/embedded

Chlorella /embedded
Chlorella /embedded
Chlorella /embedded

Chlorella /embedded

Chlorella /embedded
(re-used)
Chlorella /embedded
(10% viv)
Chlorella /embedded
(10% v/v)

Chlorella /embedded
(10% vl/v; re-used)

Chlorella /embedded
(plastic carriers)

Batch or flow

through
Batch + P
Batch + P

Batch + P

FT (5 mL/min)

+P

FT (5 mL/min)

+P

FT (5 mL/min)

+P

FT (8.5
mL/min) + P
FT (8.5
mL/min) - P
FT (8.5
mL/min) - P
FT (8.5
mL/min) - P
FT (8.5
mL/min) - P
FT (8.5
mL/min) - P

FT (8.5
mL/min) - P

FT (5 mL/min)

+P

Light type

Fluor. 24h

Fluor. 24h
+23%
Fluor. 24h
+23%
Fluor. 24h
+23%

Fluor. 24h +
red LEDs

Fluor. 24h +
red LEDs

Fluor. 24h +
red LEDs

Fluor. 24h +
red LEDs

Fluor. 24h +
red LEDs

Fluor. 24h +
red LEDs
Fluor. 24h +
red LEDs
Fluor. 24h +
blue LEDs

Fluor. 24h +
blue LEDs

Fluor. 24h +
red LEDs

Temp. (°C)

25

25

25

30

30

30

30

30

20

20

20

20

20

pH

regulated

N/A

N/A

Doubling
time (d)

0.89+0.4

0.48+0.4
0.472+0.01
1.25+0.25

0.52+0.08

1.3+0.1
0.68 £ 0.26

1.9+0.9

0.77 £0.13

N/A

NOx-N
removal
efficiency

100% in 4d
100% in 2d
100% in 1d

100% in 2d

50% in 1d

100% in 1d
100% in 1d
100% in 1d

0
30-50% in 1d
80% in 1d

30% in 2d

30% in 2d

100% in 1.2d

P removal
efficiency

70% in 8d
100% in 2d
100% in 1d

100% in 2d

90% in 1d

100% in 1d
100% in 1d
N/A

N/A

N/A
N/A

N/A

N/A
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= Phvcoremediation strateqgies - successiulat
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‘:__J:IRTS of 6.5 and 12 h

= 10% bead to effluent (v/v) efficient at N
removal, reduce more?

= Coated biofilm carriers proved premising
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— i t ‘type” will'effect results; NH; =~
preferenﬂally removed over NOx and organics

= Significant NOx-N removal was obtained, steady
state within 24 h

= Wavelength specific submersible LEDs;increase
growth rates, red > blue

= _Maintaining pH increases growth rates and N and_~

gemoval iciencies becauseiitialleviateSICH s
’jmita ' OSYNtnesis, could be a good use

of plant CO,
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-~ = [ights and alginate are greatest expense

LI

.= Costs ~$0.03/m to use submersible red LEDs
for 1 day - Need to scale down amount of
lights used per L effluent

= Need to find cheaper source for large-scale
alginate purchases, beads can be used for ~
2 weeks and still maintain integrity and -

‘éf;W —
’g semical costs —may be offset by

recycling CO, and not removing PO,



~ = Decrease
;_:.- Scaleup
= Perform experiments in a series
* |D robust algal communities for plant setting
= Determine optimal N:P ratios

= More work into biofilm carriers like that used

o bacteriainumoying bed biofilm reactors
’MB‘B‘I%ﬁ !

= Potential for algal and polymer recycle
streams (However, algal beads dry rapidly)
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