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Abstract Over the last century, wastewater treatment technologies have evolved greatly along
with demographic expansion and in accordance with the development of legislation. Plankton, de-
fined as organisms that drift in aquatic environments, play an important role in wastewater treat-
ment systems. For example, diverse types of bacterio-plankton have the ability to stabilize pollut-
ants in wastewaters. Wastewater treatment technologies have been developed mainly in advanced
economies such as in Europe and North America to address environmental pollution in aquatic
ecosystems near human populations. Conventional wastewater treatment is primarily based on
the activated sludge process and its modifications, which require high energy consumption for
aeration and high cost for sludge disposal. These processes are not appropriate in emerging econ-
omies where the budget allocated for environmental protection is limited.

Recently, wastewater treatment based on phototrophic plankton, including microalgae and cy-
anobacteria (purple phototrophic bacteria), have attracted increasing attention because they can
utilize natural sunlight as an energy source, and carbon and nutrients, e.g. ammonium and phos-
phate, as their biomass increases. In addition, many types of phototrophic plankton can produce
useful metabolic products such as protein, carbohydrate, polyhydroxyalkanoate and carotenoids
from wastewater.

In this paper, we focus on the current status and prospects of phototrophic plankton-based
wastewater treatment technologies. We focus first on the history of the development of wastewa-
ter treatment technologies during the last century and several key technologies including activat-

ed sludge, trickling filter, denitrification-nitrification, anaerobic digestion and upflow anaerobic
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sludge blanket processes (Section 1). Thereafter, the contents are organized as follows: current
status and bottlenecks of conventional plankton-based wastewater treatment technologies (Section
2), research trends of wastewater treatment technologies based on microalgal-bacterial consor-
tium (Section 3), case study one (1) treatment of anaerobic digestion effluent by microalgal-ni-
trifying bacterial consortium (Section 4), research trends of wastewater treatment technologies
based on purple phototrophic bacteria (Section 5), case study two (2) treatment of slaughterhouse
wastewater by purple phototrophic bacteria (Section 6), and towards implementation in sunbelt
regions (Section 7). The case study sections (Sections 4 and 6) include our recent published and
unpublished works to facilitate better understanding of the current status and the effectiveness of

phototrophic plankton-based wastewater treatment technologies.

Keywords: biological wastewater treatment; microalgal-bacterial consortium; purple phototro-

phic bacteria; sunbelt region; high-strength wastewaters
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Ty KHPIZEINLHEDEZ N RENIRETE S
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ETW5, BRI, 1900 FRMEEICAF VR - <>
F = A% — M Davyhulme F7KEMFFEHT O Arden &
Lockett (1914) (2 XD 5 SN/ G IR TR,
Zoogloea J& . Bucillus J& . Pseudomonas J& % O I
KON TIFT T 7 N RFIHLUCEKRTOR
WIHEWE 2RI LTWh, S, MESD» 5B
SUE 0l U CE R S B IR AU N IS I SN
TVT R ERECERT IS, ZIITEKREMIALT
BEAKPOF D E — RO W R EEEY LTS
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VIR SN AR & OB UG IZ L0, A
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KSR, BRAERKI ., A5 RSO T
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A I AN BT 2 T (1900 ARE~E A FRAA,
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7T TBLOT—FTOFOHCEERKRRE FIH
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FECIRFETH I LT, B AR TOMIZT]
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WFZEIE B AT I T\ % (Mufioz & Guieysse 2006,
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KRBT 2 720 13 2 R A L Th -
720 TOBREFENINIIEF I AT, BEAMLE fifi 3%
EROTANVF—HEED 45 ~75% 2 5D LD
HEENTV5 (Rosso et al. 2008) o 52, ALE
WARTHERL 72N A+ <A (SRRIGIE) 23 A H 15
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%o BESUEBREE T CTEIKN T 7T —FT7 2R H
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3. MHMRE— I TUTHERICLD
BRIk LR E: i D W TR ED A

7)) T HIWVET RKEFIN— 27 L —FED Oswald DHFFE
7V —7" 1&, 1957 4E 1258 % L 725 C “Photosynthesis
in sewage treatment” DT, MGl E IS N7 T
)T OIAERIZ LB TARMIEZFRFE L 72 (Oswald &
Gotaas 1957) o IAFRIZ L BB 27 LTl BE
K DOH I TR N7 T T L R,
LR (CO,) . ARSI (NH,", PO,") LARNEZ
s, LIRS THMEEO AR THHTE
%o PWOHIEEE—/N T 7)) 7 IAF R X D BEKLHR
B 3% Ml & 1 70 SCHR AR AR 12 20 & Mufioz & Guieysse
(2006) 13, HHEWEDOIRETH 5 =ML A IITRFEE
k& (BOD) &, REHMBOBRZIZIIMZ, BEAHD
LB 4B (Zn, Cr, Cd, Co, Al %) O 7213
NS, B OBRIREIC OV T SN T\ 5, #
HAHMREICLD, TNETHNE - WEO T
KEBRFICA BT 2RO L O BEK LRI
FHTELZ NS ER->T WD, RENLIEIC
[} > T &, Chlorella J&. Scenedesmus J&. Dunaliella
J&. Neochloris |&. Chlamydomonas J&. Nitzschia J.
Cosmarium J&. Oedogonium J&5F DA AR ST
\» % (Mufioz & Guieysse 2006, Mehrabadi et al. 2015,
Gongalves et al. 2017, Udaiyappan et al. 2017) o 4§ |2
Chlorella J&\XME)A\ > pH - IRERBECEBRET, &
TEREA RO EL BN &5, BEAKMLER | 24 2%
WZHWHNTWA,

WA — N 7)) T AR RIC L DB KL B > 52
FUEIZI T 725t anid, —EOBERE R S L LiEDdHN
DOHbe BIZIEANRA U TlE Aqualia Fh2 i & L
72 All-Gas Project 75375 _FIF 541, HRAP (High rate
algal pond) &MHIN 2 IAEREFEIE 2 HV /2T ET
Y MR L) BIEHE 2000 m® OB CTOHH T
HALEEAT DTS (All-Gas Project 2019) o 7€
T M, MR RS CHUER YRR 72 A A
DI T4 AR SN, R %l U CE L7 L)

TbNTwb, SHI2, FEMEA SR SN L5 RN
AV RIEAY VHBEZ Lo THE NG - XA AT
ML RHE L7z A Y I H R BN A RS L
THIHH SN TS,

2010 4F-LARE, Karya et al. (2013) #4a& LT, fA
BNy T TR LW T VRS T B
BEAMLER Z B3 A IFZER 555 (s ST A (Vargas
et al. 2016, Kwon et al. 2019, Sepehri et al. 2020)0 TV
FTIE AR EGEEIIMA T, B RS, 1L
S8 STINNVEE STk See NP S e JOE 25 Y5
SEfiAR CHET BBEKICHIREICE T, BAE{LT
GIER IS EELER TH D720, FHIBEIELE DK
WOOENDLDD—DTH b, FIRTIIIHL—FLEHRE
(X BB TG TH L% LSS R E)
NEFL, BRERKBIEAY ) —VEOE R RH]
DIMHLFEE 257280, FrhIFIH TR T3 T
3%\ (Fig. 1a)o fGEEE— N7 7)) THAERIZBW
T N7 7T RE LT LB R 2 S | 8 O R A
M2 T BEllEEHEAH L OS2 H ) LR
EDIARHTBL T E %o IR E LTI, fHfL—BE
BIEOUZNEHG IR A BERALIE TAEOHI 2
AL B % FL A A ATV 2 i SRR F2 05 (Anaerobic-
Anoxic-Oxic: A,0) % (Mishima et al. 1996) R+ ¥ 7 —
2 ar74vF (OD)# (Rittmann & Langeland 1985)
DHEIEHIREN T HN 5, ZORHEH—mL
B NS 7)) 7 HAFRIC BT, B 2B O
DI, BATEEO AU LB FEMHRIC L0
POSHEITL . BB IATRIRICHIK TE %o 72,
T BRI A S X BEB 551 70 SR AR B 251
Ky BERCRHEORERAMEZRELTELI LN,
AR FAORIRDIFFTE S (Fig. 1b) o

CZT, EROBHIEE— N7 7)) TSR E B
LB Ny T TIERICBIET Y EZT
T PEDFENIDOWTIHRAT 2 HERDIARTIE, €
BRI N T T IS EE RN T) TR R 50 5
ZENELL BRI OERI OB L R OB %
MPEHEL STz, —T ARPREDR, &
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Fig. 1. Conventional nitrification-denitrification processes (a) and consortium of microalgae and nitrifying
bacteria (b) for ammonia-containing wastewater treatment.

BALSNT VBT IR EICEE SN LKA M E LR N7 7)) 7 AR TIE, B2 BEK
RELIE, LIXLIRMLBESHEFETAZ LGS hoOT7 BT BENE VIS AR T NH,

LT\ 5 (Collos & Harrison 2014, Gutierrez et al. 2016,  IEESHENNE I ZE L7ZRKLE DT A D 5,

Xia & Murphy 2016) . Z#1i%. Anthonisen et al. (1976)
2L UTFOR (1) TERSNDHERET > E=7 (NH,) 5
FEDS—ELNIVIET D &, BRI BT A0 ~ R
LEOE ORLIE R FED A U (Crofts 1966) . TSR
DIEEDMN T $5720TH %o

NH;-N x 10PH

6344 )+10pH

NH;-N =
exp (273+Temp

(D)

KA & FEREEA 4> (HCO; ) Db
W pH 28 5L NHL iR EDS N9 52 & T #ike
U ORI EEE DT AT LA RO BIEIZ A S,

LR AFFEN N7 T T ORD VI LBE N 7)) 7
AFHTHIET, ToBEZTLAF VLS %
THEME (NOy) ICERfb SN b, SHICHHILIS T
O N AR T 57290 pH 25T 5, D720,

4, r—RRAZT 14— (1) : M5 LE—REMLRSE
NITFVTPHERICEE AR HEEHLRLE

AE R, TPALHELEAE THA T B ARG IR,
KGR, HTHh, BEEBEKE O Rk A
TEBEZEW) & BEK 22 BN A F I A% AT X B 43l E L
THFA L. BREICSEHER - BSE® LEZ DT, Kb
TEADME D 5 11T\ % (Pike Research 2012, Lora
Grando et al. 2017)o L2°L. ZEEMA2OHHNEIN S
AL, R (RIS T7 v E=27) D EiRE
AR 5720, BlE, b—BEREHICLbH%
B ZES VIR DD, FHOHIITNE T, HILK
R R E L7t — s LB N 7 ) 7 AR
A HRVERTAZ B 5 W 7E 2 #£60 T & 72 (Akizuki et al.
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2019, Akizuki et al. 2020a, Akizuki et al. 2021) o BEfF
DA R LRI N7 7)) 7 AR OBIZE T,
T - pH - JERREFIRIE &\ o 72 BRI N & 8 L 7292
ER=2 N T OWFZEBISKE % T b (Karya et al.
2013, Vargas et al. 2016, Rada-Ariza et al. 2017) L7
L. EBROBEKILIIIEIVERSE T TIT) ZEPEES
. IO OBRBGEENIIEFHT & R a2 Lo TREL
BT 5, RFEEOMETIZIE, BYVEREET AR
BEDIIHEEET LD DO VTHIRDOERE DL E
Thbo TD0, FEHLIZEIERE T ICBII 4
AOWEACHALE e 2 5P L. SRE oo sl L s
WOME E{To720 Z2TIR. IRETICHELONZE
B e B C OV TR 5

2016 4L 2017 FFOEIZ, AFT T - I TFT7 MR
LTI OM R MERR I BT, O — i LR
NG T T AR E B AY VB LB F2 Bk %
Fehi L7z THALHIZIE, FRTCILEE 045 um D7 1)V
¥ —CrHlH%, MAKTHRLIzbDEMT2, EERD
M UR & L CIR G 88 (Chlorella sp., Scenedesmus
sp. BEUHEE) LAy 7= ar Ty FEOENE
HIREF 0.5 LOAIARE AT I A% H\ 7200
VR NG 72 R 25 £ 2 °C LOBHRSIREE 140
umol photons m™ s™ (2l L 72 FZBR =8 A & = A} B 85
TCOMEEERER LR L 720 ZOREE, EBRENT
X 7EEHRLENT VBT BRERIES L, NO,
DERPHER SN, —HRENEE T CET £
TASERE T L. NOy OAEKDIZEAE RSN
M o7z (Akizuki et al. 2019) o ZALIZ. AELESE# N2
T)THHGHHMEES TH Y KRB GIRGS T Tl ik
PHELURT LA D FELFEREZEZHR 5, Bz
(£, Merbt et al. (2012) (&, FH{LRIE N 717 TH 5D
Nitrosomonas europaea & Nitrosospira multiformis @
&2, 500 ymol photons m™ 5™ DYIEHAGFIGRREE T CTlLI
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iz 5 (Fig. 2)o D728, BIMRBET TREL

2500
< 2000 R/
2% e N
5 .
2 o 1500 *
O C L)
€9 )
=2 LN
££ 1000 o
] ?E) [ 3
3 500 Y.
L]
0 A”I \

Time (hour)

Fig. 2. Diurnal variation in light intensity (photo-
synthetically active radiation:PAR) at laboratory of
Division of Engineering, University of Guanajuato
(August, 2017).
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I o LA LB E N7 7)) 7 2 e L L7z
AR A BN ZAE 35 L (R E 10 cm) O/ S FUHEHERIES
BRI AL, AY IR AL 18 f5e LB 2 5 Bk
ENERESBRE T CTHEML 72 (Akizuki et al. 2021) o
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Fig. 3. Light stress on nitrification process (a) and mitigation of light stress by immobilization materials (b).
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59, WALEEE N7 7)) 7D 75 = 2—)VfL (Akizuki
et al. 2020b) X2, 7T v 7 A —R 2PN IER S
Wz X B EIL (Nishi et al. 2020) 12 E->THESNS
ZENHLNE ST WA,

I, BYVFEERE 2019 FOEY (7 H~ 9 A) 128l
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Fig. 4. Penetration of incident light in microalgae-dispersed nitrifiers reactor (a) and microalgae-

immobilized nitrifiers reactor (b).
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WU SIS R L I RS O Rk 4 2
FHEDHRNIECER LTz ZOBEFET, BEARLERIC
534407507 b ORREICH A AR
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Fig. 5. Sewage treatment coverage levels in dif-
ferent cities around the world (Year: 2014). White
symbols: high coverage city (>85%); black sym-
bols: low coverage city (<70%). Data source: UESI
(2021).
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Abstract The composite hydrogel of poly(vinyl alcohol) (PVA)/sodium alginate (SA)/TEM-
PO-oxidized cellulose nanofiber (CNF) was prepared and employed as an effective adsorbent
for dye removal. The effect of the weight ratio of incorporated SA and CNF components on the
mechanical and dye removal properties of the hydrogel was examined in detail. While the PVA
concentration and the SA + CNF concentration were maintained as constant (7.5 and 1.0 wt%,
respectively), the weight ratios of SA:CNF were changed from 10:0 to 7:3. Cross-linking of PVA,
SA, and CNF were carried out by using boric acid/borax and calcium chloride. The mechanical
properties of prepared hydrogels were investigated by a compressive stress test and a durability
test under severe agitation in a solution.

The PVA/SA hydrogel with no CNF addition (the 10:0 hydrogel) showed the highest compres-
sive strength, and the elastic modulus is approximately 40 times greater than the highest reported
value of the conventional PVA hydrogel cross-linked by glutaraldehyde (GA). The hydrogel pre-
pared with SA:CNF ratio of 9:1 (the 9:1 hydrogel) showed the second-highest elastic modulus. In
terms of durability, the 9:1 hydrogel was the highest. While the breakage ratio of the 9:1 hydrogel
under very severe agitation condition of 2750 rpm was essentially negligible, it was reported that
the conventional PVA hydrogel crosslinked with sodium sulfate was completely broken. Even un-
der 3000 rpm, only 12% of the beads were broken for the 9:1 hydrogel.

Dye removal experiment was carried out by using methylene blue (MB) as a model dye. The
result shows that the highest MB adsorption capacity of 243.9 mg g was obtained for the 9:1 hy-
drogel. The value was 1.4 times higher than that of the highest reported value for the convention-
al PVA-based adsorbent. With superior mechanical and dye adsorption properties, the developed
PVA/SA/CNF hydrogel can be considered as a potential alternative for dye removal.

Keywords: cellulose nanofibers, composite hydrogel, dye removal, methylene blue, poly(vinyl al-
cohol)
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1. Introduction

Synthetic dyes are generally used in various indus-
tries due to their easy application and inexpensive prop-
erties. However, dye effluents have become a growing
concern due to their hazards to the environment and
living things. Approximately 100 tones of dye effluent
per year are discharged from the textile industry alone
(Katheresan et al. 2018). Ingestion of dyes can cause
serious health problems. For example, since cationic
dyes (e.g. methylene blue) can interact with negatively
charged cell membrane surfaces, these can enter cells
easily, leading to long-lasting influences on the human
organism (Li 2010). The adsorption dye removal method
offers various advantages, such as the ability to treat a
wide variety of dyes, easy operation, no formation of
toxic by-products and secondary wastes (Katheresan et
al. 2018). Therefore, it is one of the preferred techniques
of dye removal.

Poly(vinyl alcohol) (PVA) hydrogels have been stud-
ied as dye adsorbents by many researchers due to their
low cost, non-toxic, high chemical stability, and porous
characteristics (Sinha & Chakma 2019). However, their
poor mechanical strength and tendency to agglomerate
are the main drawbacks in dye removal applications (Wu
& Wisecarver 1991). Various modification methodol-
ogies have been tried to improve the physicochemical
characteristics of PVA hydrogels. Dinh & Bach (2014)
tried to change the surface properties of PVA hydrogel
by incorporating sodium alginate (SA) and successful-
ly suppressed the agglomeration of gel particles (Dinh
& Bach 2014). To improve the mechanical strength of
PVA hydrogel, nanocellulose is often used to synthesize
composite hydrogels. Cellulose nanofiber (CNF) is a
nanocellulose obtained from a plant cell wall in a form
of filamentous fragments. It contains both amorphous

and crystalline domains with dimensions of 5-30 nm

in width and an aspect ratio of over 50 (Nascimento et
al. 2018). Moreover, oxidation of CNF using 2,2,6,6-te-
tramethylpiperidine-1-oxy (TEMPO) radical converts
C6 primary hydroxyl groups into carboxylate groups,
which introduces negative charges to the cellulose sur-
face (Saito & Isogai 2006). Due to its high stiffness,
high aspect ratio, and surface carboxylate groups, TEM-
PO-oxidized CNF can be a good candidate to be used
as a reinforcing agent to improve the weak mechanical
properties of the PVA hydrogel. Zhang et al. (2018) have
prepared SA/CNF hydrogel using calcium chloride as a
crosslinking agent and improved the mechanical stabil-
ity of the hydrogel. Han et al. (2013) synthesized borax
cross-linked PVA hydrogels with CNF and examined
the effects of particle size, aspect ratio, crystal structure,
and crystallinity of CNFs on the compression property
of the hydrogels. The results showed that the compres-
sive strength of CNF reinforced hydrogel was 21 times
greater than that of the pure PVA hydrogel (Han et al.
2013). However, synthesis and application for dye re-
moval of the composite hydrogel consisting of PVA, SA,
and TEMPO-oxidized CNF have not been reported yet.
In this study, by incorporating both SA and TEM-
PO-oxidized CNF, the PVA/SA/CNF hydrogels were
prepared and the effects of weight ratios of SA and CNF
on the mechanical properties and dye adsorption per-
formance were examined. The mechanical properties of
prepared hydrogels were investigated by a compressive
stress test and a durability test. Also, a dye adsorption
experiment was performed by using methylene blue

(MB) as a model dye.

2. Materials and Methods

2.1 Materials

Sodium alginate (SA) powder, boric acid, and calcium

chloride were purchased from FUJIFILM Wako Pure
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100 mL/h

Diameter 2.0 mm

Cross-linking 3 hrs
Washing 24 hrs

Fig. 1. Experimental set up for the preparation of
PVA/SA/CNF hydrogels.

Chemical Corporation. Poly(vinyl alcohol) (PVA) (Kur-
aray, Japan), TEMPO-oxidized CNF dispersion (Nippon
Paper Group, Japan), and borax (KENEI Pharmaceutical

Co., Ltd.) were also used in the experiments.

2.2 Preparation of PVA/SA/CNF Hydrogel

Four different 50 mL of polymers solutions con-
taining PVA, SA, and CNF were prepared by chang-
ing each component concentration as shown in Table
1. In this study, while the PVA concentration and
the (SA + CNF) concentration were maintained as
constant (7.5 and 1.0 wt%, respectively), the weight
ratio of SA:CNF was changed from 10:0 to 7:3. Dif-
ferent amounts of SA powder (0.5, 0.45, 0.4, and 0.35
g) were dissolved in deionized water. After 0.75 g of
PVA was added into the solution, the mixture was
transferred to an autoclave (TOMY, SX-500). It was
heated at 121°C for 20 min, followed by stirring at
80°C in a water bath for 50 min. Different amounts

of 1 wt% CNF dispersion (0, 5, 10, and 15 g) were

Table 1. Compositions of PVA/SA/CNF hydrogels
used in this study.

Sample
PVA SA CNF
name
(SA:CNF) (Wt%) (Wt%) (Wt%)
10:0 7.5 1 0
9:1 7.5 0.9 0.1
8:2 7.5 0.8 0.2
7:3 7.5 0.7 0.3

added into the solution and stirred at 80°C for 10
min. Then, the suspension was mixed using a ho-
mogenizer (Ika T 25, Germany) for 3 min to ob-
tain a homogeneous suspension. Air bubbles that
remained in the suspension were removed using
a centrifuge (HITACHI SCT 5B, Japan) at 3000
rpm for 10 min. By dripping the obtained PVA/SA/
CNF mixture into 500 mL of cross-linking agent
solution containing 5 wt% boric acid/borax and 3
wt% calcium chloride at a dripping rate of 100 mL
h”', hydrogel beads were obtained. The beads were
washed with 400 mL of deionized water for 24 h
with stirring and stored in 3 wt% calcium chlo-
ride solution. The prepared PVA/SA/CNF hydrogel
samples are referred to as “SA weight ratio”:"CNF
weight ratio”. For example, the sample prepared
with the weight ratio of SA:CNF of 9:1 is referred

to as the 9:1 hydrogel.

2.3 Mechanical Strength
2.3.1 Elastic modulus

The mechanical property of hydrogels was ana-
lyzed with a tabletop testing machine (A&D STB-
12258, Japan) using a 50 N load cell. The compres-
sive strength tests were performed with a crosshead
speed of 10 mm min™'. The elastic modulus was

determined based on the data within 0-20% of the
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strain range by using the following equation from the

Hertz model:

4
F = §ED°'5AD1'5 M

where F is the compressive load (N), E is the elastic
modulus (MPa), D is the diameter of the hydrogel bead,
and AD is the displacement (mm). 5 specimens were

tested for each sample and the average data was used.

2.3.2 Durability

The durability of the hydrogels was examined
using a Tornade overhead stirring system (As One
SM-101, Japan). 100 hydrogel beads were dispersed
in 1.0 L of deionized water and stirred strongly at
an agitating speed of 2250 to 3500 rpm for 5 min.
Then, the number of hydrogel beads without any
damage (unbroken hydrogel beads) was counted.
The breakage ratio was calculated by the following
equation:

N, =N,
% x 100% )

a

Breakage ratio =

where N, is the number of hydrogel beads added and N,

is the number of unbroken hydrogel beads.

2.4 Dye Adsorption Experiment

Dye adsorption isotherms on the hydrogels were ex-
amined by using MB as a model synthetic dye in batch
processes. MB is a cationic dye widely used in textile
industries.

Twenty hydrogel beads were added into 40 mL of
MB solutions with a concentration range of 100 to 1000
ppm. The MB concentration at adsorption equilibrium
was measured after 6 days. The data were analyzed by
the Langmuir isotherm model to investigate the adsorp-

tion mechanism.

3. Results

3.1 Elastic modulus

The elastic modulus of hydrogels determined
based on the results of compressive stress tests was
shown in Fig. 2. The compressive strength of hydro-
gels was high in the order of 10:0 > 9:1 > 8:2 > 7:3.
The 10:0 hydrogel shows the highest elastic modu-
lus of 1.0 MPa, and the value is approximately 1.8
times larger than that of the 7:3 hydrogel, showing
the lowest value. The results indicate that the PVA/
SA hydrogel with no CNF addition shows the great-
est compressive strength, and the addition of CNF
decreased the strength. It should be noted here that
compared to the conventional PVA hydrogel cross-
linked by glutaraldehyde (GA), the elastic modu-
lus of the 10:0 hydrogel is approximately 40 times
greater and even the lowest elastic modulus for the
7:2 hydrogel is approximately 22 times greater than
that for the PVA hydrogel.
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Fig. 2. Elastic modulus of the 7:3, 8:2, 9:1 and 10:0
hydrogels determined by a compressive stress
test.
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Fig. 3. Breakage ratio of hydrogel beads for the 7:3,
8:2, 9:1 and 10:0 hydrogels under severe agitation
conditions of 2250-3250 rpm in a solution.

3.2 Durability

The breakage ratios of the hydrogels under severe
agitation from 2250 to 3250 rpm in solution are shown
in Fig. 3. According to the results at the maximum agi-
tating speed of 3250 rpm, the durability of hydrogels is
high in the order of 9:1 > 10:0 > 8:2 = 7:3. For the 8:2
and 7:3 hydrogels, all the hydrogel beads were broken
after being agitated at 3000 rpm for 5 min. Under the
same condition, approximately 42% of the beads were
broken for the 10:0 hydrogel. On the other hand, only
12% of the beads were broken for the 9:1 hydrogel. The
results indicate that to improve the durability of the PVA
hydrogel for agitation, the addition of an appropriate ra-
tio of SA and CNF is necessary and that is 9:1 under the
condition used in this study.

For the later dye adsorption experiments, the 10:0 and
the 9:1 hydrogels were selected since they exhibited high

mechanical strength and durability.

3.3 Adsorption Isotherm Model

The adsorption isotherms of MB on the 10:0 and the
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Fig. 4. Methylene blue adsorption isotherm on the
10:0 and the 9:1 hydrogel adsorbent at 25°C.

9:1 hydrogels were determined at 25°C and shown in

Fig. 4. The results were analyzed by the Langmuir Eq. (3).

_ quL Ce
de

1+ K,C, ®)

where g, and C, are the amount of MB adsorbed (mg g’l)
and the MB concentration (mg L") at equilibrium, g,, is
the saturated adsorption capacity for MB adsorption
(mg g"), K, is Langmuir isotherm constant (L mg™).
Parameters obtained by each adsorption isotherm
equation are shown in Table 3. The coefficients of
determination for the Langmuir equation, R’ were >
0.996 for both samples, indicating the MB adsorp-
tion results are in good agreement with the Langmuir
model. Therefore, the adsorption process can be de-
scribed as monolayer adsorption on the surface of
adsorbents with relatively homogeneous sites. The
saturated adsorption capacity for the 9:1 hydrogel is
243.9 mg g', which is approximately 1.7 times higher
than that for the 10:0 hydrogel. However, since the MB
concentration range used in this study is limited to less

than 350 mg L™ at equilibrium, the maximum adsorption
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Table 2. Parameters of Langmuir isotherm model for the 9:1 and 10:0 hydrogels.

Langmuir isotherm model

Adsorbent qm(exp.) qm K; R?
(mg g™ (mg g™ (L mg") )
10:0 161.19 140.85 0.012 0.9963
9:1 167.18 243.90 0.003 0.9982

Table 3. Adsorption characteristics of PVA-based polymer composite adsorbents for dye removal.

Co qm Adsorption
Adsorbent Dye Reference
(mgL?1) (mggh) isotherm
Methylene
PVA/SA/CNF hydrogel (9:1) bl 1000 243.9 Langmuir This study
ue
Sodium alginate-
polyacrylamide-(TEMPO)-  Methylene
500 57.1 Langmuir Yue et al. (2019)
oxidized cellulose blue
nanofibers
Poly(vinyl alcohol)-sodium
Methylene
alginate-chitosan- ol 70 137.2 Langmuir Wang et al. (2018)
ue
montmorillonite
Poly(vinyl alcohol)/
Methylene
carboxymethyl cellulose/ ol 250 172.4 Langmuir Dai et al. (2018)
ue
graphene oxide/bentonite
Langmuir,
Methylene
Poly(vinyl alcohol) ol 25 13.8 Freundlich, Umoren et al. (2013)
ue

Temkin

amounts observed for both hydrogels did not show a sig-
nificant difference and were 161.19 mg g and 167.18 mg
g for the 10:0 and the 9:1 hydrogels, respectively.

4. Discussion

4.1 Mechanical Strength

The results of the compressive strength tests show
that the PVA/SA hydrogel with no CNF addition has the
highest compressive strength, and the addition of CNF
resulted in the decrease of the strength. The considered
reason is that although the stiffness of CNF itself is

remarkable, the interaction between CNF and calcium

ions is weaker than that between SA and calcium ions.
For the PVA/SA, due to the “egg-box” structure formed
by strong interaction between SA and calcium ions, the
hydrogel matrix could exhibit very high stability for
compression operation (Shivakumara et al. 2019). On the
other hand, for the case of cross-linking between CNF
and calcium ions, since a strong structure could not be
formed, it leads to the low stability of the hydrogel for

compression operation.

4.2 Durability
The results of durability tests under severe agitation

showed the 9:1 hydrogel possessed the highest dura-
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bility, different from the compressive strength results.
The compressive strength defined by an elastic modulus
represents the hardness of the hydrogel. Therefore, the
increase of stronger crosslinking of SA and calcium
ions simply resulted in the increase of the hardness.
On the other hand, for the durability tests, to absorb
collision energy during agitation, moderate softness is
also required for the hydrogel beads while maintaining
their shape with sufficient hardness. Therefore, a good
balance between hardness and softness is important.
Although the results need to be examined in more de-
tail, the highest durability for the 9:1 hydrogel indicates
that the addition of appropriate ratio of SA and CNF
would contribute to afford the PVA hydrogel a balanced
hardness and softness, and significantly improves both
the compressive strength and the durability for PVA hy-
drogel. In addition, a comparison of our durability result
with that of the highest reported value for the PVA/SA
hydrogel cross-linked by sodium sulfate was made (Dinh
& Bach 2014). Under the same experimental condition,
although their hydrogels were completely broken at 2750
rpm, and the breakage ratios for 10:0 and 9:1 hydrogel
were negligible. Since the higher durability under severe
agitation conditions indicates the hydrogel could offer
long-lasting usage for dye removal, the developed hydro-
gel can be considered as a potential alternative for dye

adsorbent.

4.3 Dye Adsorption Performance

Table 3 shows the comparison of dye adsorption per-
formance between the 9:1 hydrogel and other reported
PVA-based adsorbents (Dai et al. 2018, Umoren et al.
2013, Wang et al. 2018, Yue et al. 2019). Compared to
the highest adsorption capacity reported by Dai et al.
(2018), the 9:1 hydrogel exhibits approximately 1.4 times
higher adsorption capacity (243.9 mg g"). The reason

for the large adsorption capacity is probably due to the

abundant carboxyl groups in SA and CNF which have a
high affinity for cationic dyes due to electrostatic inter-
action. In particular, since the CNF component used in
this study is the TEMPO-oxidized CNF, it possesses a
high surface area and high density of surface carboxyl
groups (Saito & Isogai 2006). Normally, it is known that
only hydroxyl groups exist on the surface of CNF. How-
ever, since the hydroxyl groups on the TEMPO-oxidized
CNF were transformed into carboxyl groups by the
TEMPO catalytic oxidation method, the surface density
of the carboxyl group is very high. This also contribut-
ed to the increase of negative charge on the CNF and
resulted in repulsion of each fiber of cellulose, leading
to high dispersion and high surface area of each CNF
component. These could be the reason for the high ad-

sorption capacity of the developed adsorbent.

5. Conclusion

In this study, the PVA/SA/CNF hydrogels were
prepared by incorporating both SA and TEMPO-oxi-
dized CNF and the effects of weight ratios of SA and
CNF on the mechanical properties and dye adsorption
performance were examined. The results showed that
the addition of an appropriate ratio of SA and CNF is
important to improve the durability of the PVA hydrogel
for agitation and which is 9:1 under the condition used
in this study. The 9:1 hydrogel also shows the highest
saturated MB adsorption capacity of 243.9 mg g, that
is 1.4 times higher compared to the highest report-
ed value for the conventional PVA-based adsorbent.
These superior mechanical and dye adsorption prop-
erties indicate that the developed PVA/SA/CNF hy-
drogel can be considered as a potential alternative for

dye removal adsorbent material.
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Abstract In aquaculture and ornamental industries, copepods are recognized as preferred live
feeds for marine fish larvae over commonly used organisms such as Arfemia and rotifers. Marine
fish larvae fed with copepods show better survival and growth. Despite obvious advantages of
copepods as live feed, their use is still limited owing to low productivity and cost-efficiency when
mass cultured.

Copepods can be divided into free-spawner and sac-spawner (egg-carrying) according to their
spawning style. In cultivation of egg-carrying copepod, a simple nauplii collection/harvesting
method with low labor has not been established, because females carry the egg-sac until hatch-
ing. Manual collection of nauplii using a siphon hose and mesh-filters is a common method in co-
pepod cultivation, but automation is necessary to reduce labor costs if copepods are to be viably
cultured at a commercial scale. Recently, we devised a zooplankton bioreactor for rapid separa-
tion of free-spawner copepod eggs from adults in a tank. The automation collects eggs on a mesh
filter in a water flow system which can also function as water exchange device. In the present
study, we apply this bioreactor to egg-carrying copepod, and report the results from cultivation at
laboratory-scale for 45 days.

Species of Oithona are good candidates for live feed because their body size and biochemical
composition are suitable for many marine fish larvae which have small gapes. Oithona oculata
is widely distributed and a typical dominant species in coastal waters, and was chosen as target
species of egg-carrying copepod in present study. 150 adult individuals of O. oculata were placed
into a culture chamber which were immersed in a reproduction tank containing 3 L seawater.

The culture chamber to retain the copepods has a 100-xm nylon mesh placed 5 mm above the
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bottom, while allowing passage of nauplii. The copepods were fed daily with a sufficient amount
of Thalassiosira weissflogii and Isochrysis galbana and incubated at 28°C for 45 days. Produced
nauplii in the reproduction tank were collected daily using water flow of 1.5 L min™'. The species
abundance in each development, ovigerous rate and collected number of nauplii were measured
daily.

In the semi-continuous culture, the collected nauplii were cultured in maturation vessels and
returned to the production tank after their maturation, and 45 days cultivation (four generations)
was achieved. Total abundance was gradually increased from day 4 to day 20 and reached at 500
inds. L"'. Ovigerous rate varied from 0 to 88% during the incubation period. The maximum num-
ber of collected nauplii was 380 nauplii L™ at day 5. The results obtained in present study suggest

that the bioreactor can also be applied to egg-carrying copepod by optimization of the mesh size

and the water flow velocity.

Keywords: sac-spawner, cannibalism, ovigerous rate, aquaculture
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Figure 1. A reproduction tank (3 L) for incubation of adults copepods, a collection vessel (3 L) for collec-
tion of nauplii and maturation vessels for rearing nauplius used for semi-continuous culture of Oithona

oculata in the present study. A reproduction tank has a plastic cylinder (A) with a 100 pm-nylon mesh at

the bottom, which retains adult copepods and allows passage of nauplii. A collection vessel has a plas-
tic cylinder (B) with a 20 pm-nylon mesh at the bottom, which retains nauplii. Sea water run from a col-
lection vessel into a reproduction tank by a water pomp, and from a reproduction tank into a collection

vessel by gravity. Collected nauplii were reared in maturation vessels. Maturated adults were returned

from maturation vessels to a reproduction tank.
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Figure 2. The ratio of individual number of adult
female Oithona oculata passed through different
pore size of nylon mesh for 6 hours at 28°C under
dark condition. Error bars indicate standard devia-
tions (n=3).
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Figure 3. Cumulative collection efficiency of Oithona oculata nauplii reared in a reproduction tank (3 L)

under three different flow rates as follows; 1.0, 1.2 and 1.5 L minutes

1. White and gray bars indicate the

alive and dead nauplius, respectively. Error bars indicate standard deviations (n=3).
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Figure 4. Temporal variations of water tempera-
ture, salinity and cell concentration of microalgae
in a reproduction tank in semi-continuous culture
for 45 days. Cell concentration is the sum of con-
centrations of Isochrysis galbana and Tharassiosira

weissflogii.
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Figure 5. Temporal variations of density in different growth stage of Oithona oculata in semi-continuous

culture for 45 days using a reproduction tank. The arrows indicate the date of return of matured adults

from maturation vessels.
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Figure 6. Temporal variation of ovigerous rate of
Oithona oculata female in semi-continuous culture
for 45 days.

4.5 8

FATLEDOT T oAy bW TS
7 b OREIZBWTUIE O R LYK O
WEYMEOREZ L) QAT A XD KRELHAT VH
THHHZ @E T2 2D HALHAISENT VS (Van-
nucci 1968, LM 1993) . ARHFEIZBVTH 140 ym &

CCollected nauplius —o— Estimated nauplius

1600

[EN
N
o
o

800 A

400 A

Number of nauplius (nauplii L'1)

Ooo ‘HHHHH;HH ;I’Ig.—.n ‘|-||-|.-. .-.g on

25 30 35 40 45

0 Lal Hﬂﬂﬂﬂﬂ

0O 5 10 15 20

Cultivation duration (day)

Figure 7. Temporal variations of nauplius number
collected and estimated in semi-continuous cul-
ture of Oithona oculata for 45 days using a repro-
duction tank.



29 75 N T % 15 (2021)

1600

= y = 0.106x

s R2 = 0.3676

g 1200 - n=39

- p<0.01

=

o 800 -

5

®

c

D 400 - / OO

2 CoRo P

38 0 R a
0 400 800 1200 1600

Estimated nauplius (nauplii L'?)
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of total produced nauplii and number of collected
nauplii. The dotted line in the figure represents a 1:1
relationship.
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Abstract Excess utilization of chemical fertilizers in agriculture has caused nitrate pollution to
groundwater and watershed, which has raised urgent need for effectively removing nitrate from
water. Biochar has been suggested as one of the most promising adsorbent materials to remove
nitrate from aqueous solution. However, adsorption capacity of pristine biochar is limited; there-
fore, several modification methods have been proposed to improve the adsorption capacity of
biochar for nitrate. Therefore, the objectives of this study were to evaluate effects of magnesium
(Mg)-modified biochars on the adsorption capacity for nitrate and removal efficiency as the sole
filter media in a continuous flow system (biofilter). Pristine biochars were pyrolyzed at 550°C
from oak sawdust (OS) and water hyacinth (WH), and Mg-modified biochars were produced by
soaking feedstock in MgCl, solution followed by pyrolysis at the same temperature as the pristine
biochars (OS/Mg and WH/Mg, respectively). Mg-modified biochars showed 84%—89% greater
adsorption capacity for nitrate than pristine biochars. The highest adsorption capacity for nitrate
was 19.1 mg g obtained from WH/Mg biochar. Flow direction in the biofilter did not affect ni-
trate removal efficiency of biochar, but slower flow speed was more efficient because nitrate had
more retention time to find adsorption sites on biochar surface. When used in a continuous flow
system, the total amount of nitrate removed by WH/Mg biochar in the biofilter represented 27%—
30% of the maximum adsorption capacity of the biochar depending on flow direction and speed.
Optimization of biofilter structure (size and packing layer) and flow mechanics (flow direction
and speed) for the maximum nitrate removal by biochar needs to be considered when used in the

continuous flow system.

Keywords: biochar; biofilter; Langmuir; nitrate; water hyacinth

1. Introduction es of nitrate (NO;") pollution in groundwater, and

subsequently watersheds. Nitrate from the chemical

At present, it is common to use chemical and  fertilizers are highly soluble in water and cannot

animal manure fertilizers in agriculture to provide
sufficient nutrients and organic matter to soils, so as
to improve soil fertility and crop productivity. How-

ever, chemical fertilizers are one of the major sourc-

bind well with soil particles (Zhang et al. 2012). As
a result, it can enter groundwater and surface water
easily with rainfall. Further, high concentration of

nitrate in drinking water can give rise to harmful
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effects on human health, especially in infants, for
example causing blue baby syndrome (Hafshejani et
al. 2016).

Biofiltration or bioretention system is one of the
most promising water recycling and reuseable sys-
tems. These systems have been widely utilized in de-
veloping countries (Guan et al. 2020). Moreover, the
systems are chemical-free and passive methods for
capturing and treating wastewater at source, which
have proven to be effective in removing heavy met-
als, hydrocarbon, suspended solids, and phosphorus
(Bratieres et al. 2008; Jay et al. 2019; Mahmoud
et al. 2019). However, a number of studies have re-
ported that the removal performance for nitrate was
often limited due to low anion exchange capacity
of soils (Hsieh & Davis, 2005; Davis, 2008; Line
& Hunt, 2009). Therefore, for nitrate removal, car-
bon amendments such as crop residues, woodchips,
sawdust, and biochars have been proposed (Shrestha
et al. 2018; Jia et al. 2019). However, utilization of
biochar as the sole biofilter to remove nitrate from
water has not been fully investigated.

Biochar is a porous, carbon-rich solid product
derived from thermal conversion of biomass under
limited oxygen or anaerobic conditions (Inyang &
Dickenson, 2015). Biochars derived from agricul-
tural wastes and woody materials have shown ef-
fectiveness at removing nitrate (Zhang et al. 2012).
Research trends about utilization of biochars have
shifted from agriculture- and soil science-related
fields such as organic fertilizer and soil amendment
to environmental applications such as phytoremedia-
tion agent to fix heavy metals in soils and adsorbent
to remove impurities from water. However, effi-
ciency of biochars in the environmental application
largely depends on adsorption capacity of biochar

for adsorbate, and is often restricted due to its limit-

ed adsorption capacity of pristine biochar (Ahmed et
al. 2016).

The limited adsorption capacity of pristine bio-
chars can be overcome by synthesizing nano-com-
posite biochars (called as functional or enhanced
biochars) to improve physicochemical properties
of biochars. Conventionally, the nano-composite
biochars can be classified into three categories:
functional nanoparticles-coated biochar, magnetic
biochar, and metal-oxide composite biochars (Tan
et al. 2016). The metal-oxide composite biochar can
be produced by pretreating biomass with chemical
reagent before pyrolysis. In general, metal salts are
chosen as the chemical reagent for the pretreatment
of biomass. The metal ions may attach onto the sur-
face or enter into the interior of biomass during metal-
salt solution biomass soaking. The metal ions then
transform into nano metal-oxide, and subsequently
the biomass impregnated with metal ions become
nano-composite biochars after pyrolysis (Yao et al.
2013). Among them, magnesium (Mg)-composite
biochars have shown excellent adsorption capacity
to remove phosphate and nitrate from water (Yao et
al. 2011). However, the maximum adsorption capac-
ity and dynamics in a continuous flow system using
nano metal-oxide composite biochars for nitrate re-
moval have not been fully examined to date.

Water hyacinth (Eichhornia crassipes) is among
the most noxious, dreadful, and invasive floating
aquatic weeds in the world producing 140 million
daughter plants annually and extending to 1.4 km’
of cover water area with 28,000 t of fresh biomass
(Ruan et al. 2016). The plant brings about serious
environmental and socioeconomic problems, in-
cluding ecological imbalance in lakes and clogging
in navigation and irrigation systems (Gaurav et al.

2020). Attempts using chemical and mechanical
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means have been made to remove water hyacinth
from natural water bodies, which eventually are of-
ten to no avail. By contrast, in recent decades, there
are a number of studies reported that the plant has
demonstrated its potential for the phytoremediation
of nitrogen, fecal bacteria, suspended solids, heavy
metals, dyes, and organic matter in contaminat-
ed wastewaters and surface waters (Rezania et al.
2015). However, little research has focused on utiliz-
ing water hyacinth as a feedstock to produce biochar
in removal of nitrate from water bodies.

Therefore, the objectives of this study were to
evaluate (1) the maximum adsorption capacity of
Mg-modified biochar for nitrate and (2) nitrate re-
moval efficiency of Mg-modified biochar as the sole

filter media in biofilter in continuous flow system.

2. Materials and methods

2.1. Preparation and analyses of biochars
Oak sawdust (Quercus) and water hyacinth were
used as feedstock and dried in an oven at 95°C prior
to pyrolysis. Pristine biochars (OS and WH, respec-
tively) were obtained from pyrolysis in a covered ce-
ramic crucible under oxygen-limiting condition in a
muffle furnace with increasing rate of 5°C min™ and
retention time of 2 h at the maximum temperature of
550°C. To synthesize Mg-modified biochars (OS/Mg
and WH/Mg, respectively), firstly 30.5 g of MgCl,*
6H,0 was dissolved in 300 mL of ultrapure water,
into which 10 g of each feedstock was soaked for 4 h.
The mixture of biomass and MgCl, were then oven-
dried at 95°C to remove the water. The Mg-modified
biochars were obtained from the same pyrolysis pro-
cedure as the pristine biochars. After cooling, the
biochars were shaken with ultrapure water overnight

at 160 strokes min' to wash away the impurities,

filtered with Whatman No.1 filter paper, dried in the
oven at 95°C, grounded and sieved to < 500 ym and
500-2000 um for adsorption and biofilter experi-
ments, respectively.

Physicochemical properties of the biochars were
analyzed for pH in a 1:10 biochar:deionised water (w/
v) suspension (Singh et al. 2017); electrical conduc-
tivity in a 1:20 biochar:deionized water (w/v) sus-
pension (Singh et al. 2017); cation exchange capacity
(Graber et al. 2017); total C (TC), H, and N (TN)
by Dumas dry oxidation method (Dumas 1930); and
fixed C, volatile matter, and ash contents by thermal
gravimetric analysis (Antal et al. 2000).

Specific surface area and pore size distribution
of the biochars were measured by N gas adsorption
at 77 K using Advanced Systems Analysis Program
(ASAP 2010, Micrometritics). The Brunauer Emmett
Teller (BET) method (Brunaueret al. 1938) was used
to estimate the surface areas (Szz;). Total pore vol-
umes (V,,.,) was estimated from the amount of N ad-
sorbed at a relative pressure. Micropore volume (V,,;.)
was estimated by the t-plot method, and macropore
and mesopore volumes (V,crormess) Were estimated
by difference of V,,,; and V,,.. After drying at 105°C
for 24h, the biochar surface was observed by using
Scanning Electron Microscopy (SEM) for all biochar
samples before nitrate adsorption.

Fourier transform infrared (FTIR) spectra of the
biochars were conducted by an FTIR instrument
(IRPrestige-21 FTIR-8400S, Shimadzu) to analyze
the surface functional groups for all biochar samples
before nitrate adsorption, and only WH and WH/Mg
biochar samples after nitrate adsorption (OS and OS/
Mg biochar samples were not recovered after nitrate

adsorption experiment).
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2.2. Biochar adsorption kinetic and isotherm
for nitrate

Nitrate solution for the adsorption experiments was
prepared by using NaNO;. For the adsorption kinetic
experiment, the initial solution pH was adjusted to 2.0
with 1.0 M HCI or 0.05 M NaOH. 50 mg of biochar
were added into a 50 mL centrifuge tube with 25 mL
of 10 mg L™ of nitrate solution. The tubes were shak-
en in a horizontal shaker at 160 strokes min~' at room
temperature with different shaking time intervals of
15, 30, 45, 60, 120, 240, and 1440 min. After each
shaking time, the mixtures were filtered with What-
man No.l filter paper followed by 0.45 ym pore size
nylon membrane. The concentration of nitrate in the
filtrate was measured using an auto-analyzer, and the
adsorbed nitrate was calculated by difference from
the initial concentration.

Adsorption kinetic results were described as the
following pseudo-first order (Eq. 1) and pseudo-sec-

ond order rate models (Eq. 2).

qe = q.(1 — e7kat) )
2
_ qekyt
&= 1+ q.k,t 2

where g, (mg g’l) and ¢, (mg g’l) were the amount of
nitrate adsorbed by biochar at # shaking time and at
equilibrium, respectively; ¢ (min) was the shaking time;
and k; (min™") and &, (g mg"' min™') were the pseudo first
and pseudo second order rate constants, respectively. The
initial adsorption rate / (mg g min™") was calculated by

using the pseudo-second order kinetic parameters (Eq. 3).

h = qzk, A)

The initial concentration of nitrate was prepared as 0O,

10, 20, 50, 80, 100, 200, and 300 mg L™ for the adsorp-

tion isotherm experiment and adjusted pH to 2.0 with
1.0 M HCI or 0.05 M NaOH. 50 mg of biochar were
added into a 50 mL centrifuge tube with 25 mL of each
nitrate concentration solution. The tubes were shaken in
the horizontal shaker at 160 strokes min™' at room tem-
perature for 1440 min. After shaking, the mixtures were
filtered with Whatman No.1 filter paper followed by 0.45
pm pore size nylon membrane. The concentration of ni-
trate in the filtrate was measured using the auto-analyz-
er, and the adsorbed nitrate was calculated by difference
from the initial concentration.

Adsorption isotherm results were fit with the follow-
ing Langmuir (Eq. 4) and Freundlich adsorption iso-

therm models (Eq. 5).

K, C
G = Lbedm (4)
1+K,C,
1
qe = Kp X C¢' ®

where ¢, (mg g™') was the amount of nitrate adsorbed
by biochar at equilibrium; C, (mg L) was the nitrate
concentration in the solution at equilibrium; g,, (mg g™
was the maximum adsorption capacity; K, (L mg™) and
K were the Langmuir and Freundlich constant related
to adsorption capacity, respectively; and n was the di-
mensionless adsorption constant related to the surface

heterogeneity.

2.3. Biofilter removal of nitrate in continuous
flow system

Polyvinyl chloride pipes (1.5 cm internal diameter
and 12 cm length) were connected with rubber stop-
pers to build a model biofilter (Fig. 1). Glass wool was
inserted at both ends (3 cm) of a biofilter with 1.382 g of
biochar sample inside (5 cm) to prevent the biochar from
washing out. The biofilters were then tapped by hand

after each layer was poured to ensure no stratification
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Figure 1. Schematic diagram of biofilter flow system for nitrate removal (upward flow configuration).

in the packed media. After packing, 300 mL ultrapure
water was fed into all the biofilters (arranged in an up-
ward flow configuration) using peristaltic pump with the
speed of 50 mL h™' for 6 h to saturate the biofilter with
water and remove air space inside the biofilter.

WH/Mg was the only biochar being used in the bio-
filter experiment for nitrate removal. The experiment
was carried out with four different treatments in two
different flow directions (upward and downward) and
two different flow speeds (50 and 100 mL h™) to assess
the effect of biochar removal capacity. A 5.83 mg L™

nitrate solution made from NaNO; was pumped through

the biofilter for 60 h. Sampling time was 1, 2, 4, 8, 16,
24, 36, 48, and 60 h, and at each sampling time 20 mL
was collected from influent before the biofilter (C;) and
effluent after the biofilter (C,) from sampling ports. The
pH of the solution was measured immediately after sam-
pling, and nitrate concentration was then analyzed by

using the auto-analyzer.

2.4. Statistical analyses
Statistical software STATISTICA 6.1 (StatSoft.Inc.,
Tulsa, OK, USA) was used to carry out the statistical

analyses. Treatment effects were analyzed by one-way

Table 1. Physicochemical properties of biochars used in this study.

Electric Cation exchange

Fixed Volatile

Biochar" pH conductivity capacity Carbon Hydrogen  Nitrogen carbon matter Ash
uS cm™ cmol. kg™! % % % % % %
oS 7.88 320 17.3 71.3 1.81 0.180 76.5 21.6 1.88
0OS/Mg 9.78 287 11.3 75.1 1.30 0.000 71.8 17.1 11.2
WH 9.58 1063 24.8 58.0 1.02 2.92 514 28.3 20.3
WH/Mg 9.66 552 253 59.6 1.24 2.61 58.5 22.6 18.9

 Biochars from oak sawdust (OS), water hyacinth (WH), Mg-modified OS (OS/Mg), and Mg-modified WH (WH/Mg) pyrolyzed at 550°C
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Table 2 Surface areas and pore properties of biochars used in this study.

Biochar® Sert Smicrot Sexternalt Viotal® Vmicro! Vinacro+mesol
m? g m? g m? g em® gt em® ¢! cm® ¢!
oS 323 249 73.9 0.163 0.115 0.0481
OS/Mg 270 195 75.9 0.196 0.089 0.107
WH 79.8 55.4 243 0.0564 0.025 0.0314
WH/Mg 276 177 98.0 0.204 0.204 0.122

 Biochars from oak sawdust (OS), water hyacinth (WH), Mg-modified OS (OS/Mg), and Mg-modified WH (WH/Mg) pyrolyzed at 550°C

¥ Specific surface area (S); total area (BET) = (micro area) + (external area)

! Pore volume (V); total pore volume = (micro pore) + (macro+meso pores)

analysis of variance. A Tukey honestly significant differ-
ence analysis was performed for multiple comparisons
of the treatment effects. Statistical significances were

determined at p < 0.05.

3. Results

3.1. Biochar characterization

All biochars used in this study showed wide alka-
line range (7.88-9.78; Table 1). Pristine WH biochar
resulted in more alkaline pH than pristine OS bio-
char. Mg-modification caused more alkalinity after
pyrolysis regardless of feedstock. OS feedstock (OS
and OS/Mg) resulted in more TC and less TN, as well
as more fixed C and less ash than WH feedstock (WH
and WH/Mg). Mg-modification caused more ash con-
tent after pyrolysis regardless of feedstock.

OS and OS/Mg exhibited large total specific sur-
face areas (323 and 270 m” g, respectively), of which
72%-T17% were micro surface areas (249 and 195
m” g ', respectively; Table 2). Pristine WH biochar
showed much smaller Sz and S, (79.8 and 55.4
m’ g, respectively) than pristine OS biochar, but
Mg-modification caused increase to both areas (276
and 177 m” g ', respectively).

SEM surface images of the biochars showed mor-

phological structures (Fig. 2). Both OS (Fig. 2a) and
OS/Mg (Fig. 2b) possessed many clear porous struc-
tures, and it appeared that the pore size of OS/Mg
was slightly larger than that of OS. On the other hand,
the porous structures were limited in WH (Fig. 2c¢)
and WH/Mg (Fig. 2d).

FTIR spectrum of WH and WH/Mg before and
after nitrate adsorption revealed that a peak around
1734 cm™' was possibly attributed to carbonyl func-
tional groups C=O0 stretching vibration (Fig. 3), which
may be responsible for nitrate adsorption site (Ab-
del-Ghani et al. 2016). A peak at around 1493 cm™
in the spectra shows C=C groups in the biochars
before and after nitrate adsorption (Kim et al. 2013).
In addition, peaks around 881 cm™ found in WH/Mg
before and after adsorption should correspond to C—
H stretching (Chen et al. 2015). A peak around 1636
cm™ in OS and WH before nitrate adsorption (Fig.
3a) can be attributed to O—H stretching vibration of
hydrogen-bonded groups and water molecules (Jung
et al. 2015). Mg-O bonds (711 cm’™') were present in
the biochars before and after adsorption (Richardson

& Braterman 2007).
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Figure 2. SEM surface image of (a) OS, (b) OS/Mg, (c) WH and (d) WH/Mg biochars.

3.2. Biochar adsorption kinetic and isotherm
for nitrate

All biochars adsorbed nitrate quickly until 120 min of
shaking, and reached quasi-equilibria with nitrate after
240 min, followed by full equilibria by 1440 min (Fig. 4).
WH biochars showed higher adsorption capacity than OS
biochars regardless of Mg-modification, and Mg-modi-
fied biochars showed more adsorption capacity than pris-
tine biochars regardless of feedstock. The highest nitrate
adsorption capacity was obtained from WH/Mg (¢, .., =
9.04 mg g '; Table 3) at 1440 min shaking time.

Nitrate adsorption data of all biochars were better fit
to the pseudo-second order kinetic model (R* = 0.956—
0.999) compared to the pseudo-first order kinetic model
(R® = 0.211-0.542; Table 3). The highest nitrate adsorp-
tion capacity calculated by the pseudo-second order
model was obtained from WH/Mg (¢, , = 9.23 mg g ;
Table 3). The initial adsorption rate 7 was 3.4—6.2 times
higher for WH biochars than OS biochars, and the high-
est h was obtained from WH/Mg (0.278 mg g 'min’";
Table 3).

All biochars exhibited clear adsorption isotherms

for nitrate (Fig. 5). The adsorption equilibrium was

(2)

WH/Mg
M

OS/Mg /v—’_/‘-‘
0os

4000 3500 3000 2500 2000 1500 1000 500

(b)

WH/Mg
WH

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™')
Figure 3. FTIR spectra of (a) OS, OS/Mg, WH, and

WH/Mg biochars before nitrate adsorption and (b)
WH and WH/Mg biochars after nitrate adsorption.
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Figure 4. Adsorption kinetic of OS, OS/Mg, WH, and WH/Mg biochars for nitrate. Solid lines represent

approximation by pseudo-second order kinetic model.

achieved at a concentration of around 200 mg L™ for all
biochars. The highest adsorption capacity was obtained
from WH/Mg, whereas OS showed the lowest.

Both Langmuir and Freundlich adsorption isotherm
models fit well with nitrate adsorption data of all bio-
chars (R2 = 0.893-0.983 and 0.954-0.991, respectively;
Table 4). Comparing two models, the Freundlich model
fit better with nitrate adsorption by OS/Mg, WH, and
WH/Mg, while the Langmuir fit better with that by OS.
The highest maximum adsorption capacity calculated by

the Langmuir model (¢,) was 19.1 mg g for WH/Mg,

followed by 10.4 mg g for WH, 9.68 mg g™ for OS/Mg,

and the lowest value of 5.11 mg g™ for OS.

3.3. Biofilter removal of nitrate in continuous
flow system
For both upward and downward flow directions, rela-
tive nitrate concentration in C, to C; (C,/C) was almost
0 for the first 4 h regardless of flow speed (50 or 100 mL
h™'; Fig. 6). However, C,/C; values quickly increased to
0.358-0.437 for 8 h with 100 mL h™', while remaining at

0 with 50 mL h’l, regardless of the flow direction. Then,

Table 3. Pseudo-first order and pseudo-second order kinetic model parameters for nitrate adsorption kinetic.

Biochar' Pseudo-first order Pseudo-second order
e exp* ki el R? ks ge2 h R?
mg g x107° min! mg g x107 g mg™! min™! mg g! mg g™ min™!
(ON 3.56 0.486 1.72 0.211 4.83 3.71 0.0665 0.956
0OS/Mg 6.14 1.05 3.82 0.542 0.967 6.83 0.0451 0.982
WH 7.55 0.781 2.70 0.453 3.74 7.72 0.223 0.999
WH/Mg 9.04 0.882 3.03 0.363 3.26 9.23 0.278 0.999

 Biochars from oak sawdust (OS), water hyacinth (WH), Mg-modified OS (OS/Mg), and Mg-modified WH (WH/Mg) pyrolyzed at 550°C

# The maximum adsorption capacity from the experiment at shaking time of 1440 min
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Figure 5. Adsorption isotherms of OS, OS/Mg, WH, and WH/Mg biochars for nitrate. Solid lines repre-
sent approximation by Langmuir adsorption isotherm model.

C,/C; values reached 0.978-1.00 for 36 h with 100
mL h™', while continuing to increase or remaining
relatively constant with 50 mL h™' even after 36 h,
regardless of flow direction.

The final pH of the effluent with upward flow
direction showed similar trends with time passing
for both flow speeds (Fig. 6a). The final pH was
around 9.0 in the beginning, quickly dropped to

2.3-2.5 for 8 h, and remained relatively constant for
the rest of time. However, for the downward flow
direction biofilter, the final pH quickly dropped
from 9.0 to 2.4 for 4 h and remained relatively con-
stant for the rest of time (Fig. 6b). The flow speed
appeared to have no effects on pH change over time

for both flow directions.

Table 4. Langmuir and Freundlich adsorption isotherm model parameters for nitrate adsorption isotherm.

Biochar' Langmuir model Freundlich model
K Gn R? Kr n R?
Lmg mg ¢! mg!-/m [ 1n o1
(0N 0.0167 5.11 0.972 0.285 2.00 0.954
OS/Mg 0.0170 9.68 0.953 0.607 2.10 0.956
WH 0.0161 10.4 0.983 0.621 2.08 0.991
WH/Mg 0.0107 19.1 0.893 0.659 1.77 0.972

T Biochars from oak sawdust (OS), water hyacinth (WH), Mg-modified OS (OS/Mg), and Mg-
modified WH (WH/Mg) pyrolyzed at 550°C
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Figure 6. Relative nitrate concentration in effluent after the biofilter (C,) to influent before the biofilter (C)

(breakthrough curve) and effluent solution pH with (a) upward and (b) downward flow directions. A dotted

line represents adsorption saturation point when C,/C; = 1.

4. Discussion

4.1. Nitrate adsorption kinetics

Adsorption kinetics can provide essential parameters
about the reaction pathway and mechanism of the ad-
sorption process (Xu et al. 2013). Better fit of biochars’
nitrate adsorption results with the pseudo second-order
than the pseudo first-order model (Table 3) can indicate

that adsorption was governed by physicochemical com-

posite reactions involving external liquid film diffusion,
surface adsorption, and intraparticle diffusion (Tiimsek
& Auvci, 2013). The maximum adsorption capacity of the
biochars calculated by the pseudo second-order mod-
el (q., = 3.71-9.23 mg g’l) were almost same as those
from the experiment at 1440 min shaking time (¢, .., =
3.56-9.04 mg g™), and highest g, , was obtained from
WH/Mg. The initial adsorption rate 4 values calculated

by the pseudo-second order model showed better initial
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performance by WH biochars compared to OS biochars,
and the highest initial adsorption was obtained from
WH/Mg. These results confirmed that Mg-modification
particularly for WH biochar was effective to improve
adsorption capacity of pristine biochar for nitrate. How-
ever, the optimum kinetic model for nitrate by biochars
may be different depending on biochar properties such
as biochar feedstock, production temperatures, and mod-
ification procedures if any. For example, the optimum
kinetic model was pseudo-first order, pseudo-second
order, and Elovich models for date-palm Mg/Al-mod-
ified biochar (Alagha et al. 2020), palm leaf residues
non-modified biochar (Zare & Ghasemi-Fasaei 2019),
and corncob FeCl;-modified biochar (Long et al. 2019),
respectively. Therefore, more detailed investigations are
needed for better understanding on effects of different
physicochemical properties of feedstock and/or produc-
tion procedures of biochars on physicochemical mecha-

nism for nitrate adsorption by biochars.

4.2. Nitrate adsorption isotherms

The adsorption isotherms of different biochars for
nitrate showed better fitting results with the Freun-
dlich than the Langmuir adsorption isotherm model
except for OS biochar (Table 4), indicating reversible
adsorption process where the biochar surface contain-
ing adsorption sites was heterogeneous and each site
could hold several molecules in multilayers (Kerénen
et al. 2015; Zhen et al. 2015). Comparing the maxi-
mum adsorption capacity calculated by the Langmuir
model, Mg-modification of biochars resulted in 1.89
and 1.84 times higher capacity than pristine biochars
for OS and WH, respectively (Table 4). For nitrate ad-
sorption, the mechanism may be controlled by multi-
ple interactions such as fixation by ionic bonding with
exchangeable cations from MgCl, and electrostatic

attraction (Hale et al. 2013), which could have hap-

pened with Mg-modified biochars. On the other hand,
an assumption of the Langmuir adsorption isotherm
model is that the surface containing the adsorption
sites is homogeneous and that each site can hold at
most one molecule in thickness, also known as mono-
layer adsorption (Kerédnen et al. 2015). Therefore,
the monolayer adsorption of nitrate on homogenous
surface could have occurred for OS biochar without
Mg-modification, thus reducing the maximum adsorp-
tion capacity.

The maximum adsorption capacity of OS biochar in
this study (5.11 mg g'; Table 4) was comparable with
that of OS biochar in other studies (8.94 mg g'; Wang
et al. 2015). As seen in this study, improvement of the
maximum adsorption capacity by Mg-modification
was also seen in other studies. For example, a peanut
shell biochar modified by Mg increased nitrate adsorp-
tion capacity to 94 mg g (Zhang et al. 2012). However,
when OS was modified by LaCls, the maximum adsorp-
tion capacity increased up to 100 mg g™ (Wang et al.
2015). Therefore, the adsorption capacity of biochar for
nitrate largely depends on types of feedstock, pyrolysis
conditions, and most importantly modification proce-
dures. The highest maximum adsorption capacity of bio-
char for nitrate found in the most recent literature may
be 157 mg g ' when apple branch biochar was modified
by CO,-activation plus Mg/Al-layered double hydrox-
ides-modification (Wang et al. 2021).

4.3. Nitrate removal by biofilter

Relative nitrate concentration in C, to C; (C,/C) rep-
resents how much nitrate was removed from solution
(or adsorbed by biochar) in the biofilter, and shows
1 (one) when the biochar was saturated with nitrate
(or reached the maximum adsorption capacity). The
breakthrough curve of the biochar for nitrate showed

that flow direction (upward or downward) did not seem
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Table 5. Total nitrate removed by biofilter and relateive percentages to the maximum adsorption capacity

of biochar.
Flow direction  Flow speed Total nitrate flowed’ Total nitrate removed? Removed by biofilter”  Biochar saturated by nitrate"
mL h! mg mg % %
Upward 50 17.5 7.92 45% 30%
100 35.0 8.74 25% 33%
Downward 50 17.5 7.20 41% 27%
100 35.0 9.26 26% 35%

T Total amounts of nitrate pumped through the biofilter calculated as (flow speed, 50 mL h™! x flow time, 60 h x influent nitrate concentration, 5.83

mg L™'x107%)

! Total amounts of nitrate removed by biofilter calcualted as difference of total nitrate flowed and total nitrate in effluent sampled after the biofilter

P Percentages of total nitrate removed to total nitrate flowed calcualted as (total nitrate removed / total nitrate flowed x 100%)

* Percentages of total nitrate removed to the maximum adsorption capacity of biochar for nitrate calculated as (total nitrate removed / the maximum

adsorption capacity of biochar x 100%) where the maximum adsorption capacity of biochar was calculated as (the maximum adsorption capacity

of WH/Mg biochar, 19.1 mg g'; Table 4 x biochar weight in the biofilter, 1.382 g)

to have significant effects on nitrate removal efficien-
cy of biochar in the biofilter (Fig. 6). However, flow
speed (50 or 100 mL h™') appeared to have affected
removal efficiency of biochar for nitrate. Regardless
of flow direction, C,/C; reached to 1 (biochar satu-
rated with nitrate) at 36 h with 100 mL h', while it
had not reached 1 even at 60 h with 50 mL h™'. The
removal efficiency of biochars in the biofilter with
slower flow speed was more efficient because nitrate
had more retention time to find adsorption sites on the
biochar surface allowing more nitrate being removed
by the biochar. The breakthrough curve was also
strongly dependent on the influent nitrate concentra-
tion; the higher the nitrate concentration, the faster
the nitrate broke through and the resin was saturated
(Kerdnen et al. 2015).

Total amounts of nitrate removed by the biofilter
and their relative percentages to the maximum ad-
sorption capacity of WH/Mg biochar were assessed
for different flow direction and flow speed (Table 5).
Total amounts of nitrate removed was calculated as

the difference of total amounts of nitrate pumped

through the biofilter (total nitrate flowed) and total
amounts of nitrate in effluent sampled after the biofil-
ter for 60 h. Total nitrate removed with upward flow
direction resulted in 7.92 and 8.74 g, and with down-
ward flow direction 7.20 and 9.26 g with 50 and 100
mL h™' flow speed, respectively (Table 5). Percentages
of total nitrate removed to total nitrate flowed (%
removed by biofilter) were comparable between flow
directions but different by flow speed: 41%—-45% and
25%-26% for slow and fast flow speeds, respectively
(Table 5). This result confimed again insignificant
effects of flow direction on the nitrate removal of
biochar in the biofilter, but noteworthy effects by flow
speed. It appears clear from this study that faster flow
speed could result in less retention time of nitrate
with biochar, thus less adsorption or removal by the
biofilter. Low nitrate removal percentages by the bio-
filter found in this study could be improved by slow-
ing flow speed even more and/or widening the bio-
filter diameter to increase nitrate retention time with
biochar in the biofilter. However, percentages of total

nitrate removed to the maximum adsorption capacity



Joo et al., Mg-biochars to remove nitrate from solution 44

of biochar in the biofilter (% biochar saturated by ni-
trate) calculated as [the maximum adsorption capacity
of WH/Mg biochar, 19.1 mg g'; Table 4 X biochar
weight in the biofilter, 1.382 g] showed comparable
with 27%-35% regardless of flow direction and flow
speed (Table 5). This result implies that when used
in the continuous flow system biochar could adsorb
nitrate only around 30% of its maximum adsorption
capacity regardless of flow direction and flow speed.
The reduced adsorption capacity in the continuous
flow system could be a result of reduced retention
time of biochar with nitrate in the biofilter compared
to 24 h of shaking time in tube for adsorption iso-
therm experiment and/or difference in adsorbed (sat-
urated) fractions of biochar particles depending on
location within the biofilter. Biochar particles closer
to influent side of the biofilter may adsorb (be saturat-
ed with) more nitrate than those closer to effluent side
of the biofilter. Therefore, switching flow directions
during flowing period could overcome this shortcom-
ing by utilizing biochar particles unsaturated with

nitrate.

5. Conclusion

This study demonstrates the adsorption capacity of
biochars produced from both oak sawdust and water
hyacinth for removing nitrate from aqueous solution.
Furthermore, Mg-modification of biochar was proven
to be effective to improve adsorption capacity of bio-
char. The adsorption isotherms of biochars for nitrate
were well fit with both Langmuir and Freundlich ad-
sorption isotherm models. Water hyacinth Mg-mod-
ified biochar was also successfully used to remove
nitrate from the continuous flow system (biofilter), but
with limited removal efficiency. Optimization of bio-

filter structure (size and packing layer) and flow me-

chanics (flow direction and speed) for the maximum
nitrate removal by biochar needs to be considered

when used in the continuous flow system.
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Abstract The demand for global fisheries protein source continues to increase with the increase
of the world’s population, causing decrease of natural fishery resources due to the overfishing and
the degradation of habitats. Under these circumstances, the fisheries industry for marine products
has rapidly grown in recent decades to promote the stable production and utilization of fishery
resources while managing and conserving them. Mass cultivation of microalgae is essential for
efficient production of artificial seedlings of bivalves whose resources are rapidly decreasing.
Diatoms can provide high utility as a primary feed because they contain a high content of fucox-
anthin, a carotenoid pigment. The marine diatom, Chaetoceros gracilis which can accumulate
fucoxanthin, is a promising feed for fishery products. However, marine diatoms are known as a
taxonomic group in which stable cultivation is difficult, and it is necessary to establish a cultiva-
tion method that enables high-density cultivation.

In previous studies, the factors involved in the growth of marine diatoms have been investi-
gated by controlling the external environment such as light intensity, water temperature and nu-
trient concentration. However, the establishment of high-density cultivation for marine diatoms
under each optimal environmental condition has still not been achieved. A problematic point in

the high-density cultivation involves the heterogeneity of the light intensity, water temperature,
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and nutrient concentration in the culture tank, which limits the growth of algae. Previous stud-
ies have reported that “agitation” of the culture solution has the effect of promoting the supply of
CO,, as a carbon source, and the removal of dissolved oxygen by equalizing the internal envi-
ronment of the culture tank, and is essential to improve the productivity of microalgae. However,
the performance of using the agitation method remain to be solved in mass culture operation.
Intermittent agitation frequency is one of the solutions for low-energy cost operation. There is
no previous research comparing biomass productivity per unit of agitation energy input between
the same species using both continuous and intermittent agitation methods. The objective of this
study was to evaluate the productivity per aeration energy under different agitation frequencies
toward high-density cultivation of marine diatom C. gracilis.

C. gracilis (UPMC-A0010-2) isolated from Malaysian coastal waters was semi-continuously
cultured using modified Conway medium in 1.2-L bubble column reactors (n=2). The culture was
conducted under stable light intensity 300 zmol m” s (12 hours cycle of light and dark) and tem-
perature (25°C). The dilution rates were adjusted at 0.3 d’'. The aeration rate in each reactor was
set to 0.2 L min” (2% CO,), and aeration frequency was set to the following three conditions: (1)
continuous agitation condition, (2) intermittent agitation condition once 9 every minutes, and (3)
intermittent agitation condition once 18 every minutes. The cultivation period was a stationary
phase of the biomass for up to 5 days, and the absorbance (750 nm) and pH of the culture, and the
dry weight were measured.

The biomass productivity per algal volume was equivalent to that under continuous agitation
conditions even with relatively high frequency of intermittent agitation once 9 every minutes.
This may be caused by the high light utilization efficiency of the cells because the cells in the
culture are distributed on an average without sedimentation even after the aeration pause period
without agitation. The biomass productivity per unit of agitation energy input in the intermittent
agitation conditions showed a higher value than the continuous agitation condition by several
times. Intermittent agitation performance can be evaluated as an environmental control technol-
ogy that can maintain biomass productivity equivalent to continuous agitation conditions. The
reduction of energy consumption by intermittent agitation is expected to significantly contribute

to the reduction of operating costs for outdoor closed-system reactors.

Keywords: agitation frequency, biomass productivity, bubble column reactor, mass culture, pow-

er input
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Figure 1. Changes in absorbance at 750 nm (a), pH (b), and dry weight (c) in each agitation frequency
condition. The agitation frequencies were as follows: Wl continuous agitation condition, A intermittent

agitation condition once every 9 minutes, and

Each plot is expressed as mean + standard deviation.
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Figure 2. Biomass productivity per unit algal volume in each agitation frequency condition. Each bar is

expressed as means + standard deviation (n=6).
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Figure 3. Biomass productivity per unit aeration energy input in each agitation frequency condition.

Each bar is expressed as means + standard deviation (n=6).
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Figure 4. Biomass productivity per unit power input in each agitation frequency condition. Each bar is

expressed as means + standard deviation (n=6).

Table 1. Comparison in biomass productivity per unit algal volume and unit power input of various mi-

croalgae in a different agitation condition.

Algal species Aeration rate Agitation Biomass Biomass Refer
(LL" min) productivity productivity ~ -ence
per unit algal per unit
volume power input
(dry gL'd?)  (dry gW'd™")
Chlorella sp. 0.25 Continuous 0.38 0.12 [1]
0.20 Continuous 0.34 0.16 [2]
Nanochloropsis 0.25 Continuous 0.48 0.13 [3]
oculata
1.00 Continuous 0.28 0.10 [4]
Scenedesmus 0.25 Continuous 0.16 0.15 (5]
obliquus
Chiorella 0.30 Intermittent 0.18 0.51 [6]
kessleri
Chiorella 0.30 Intermittent 0.14 0.40 [6]
vulgaris
Scenedesmus .
. 0.50 Intermittent 0.24 0.41 [7]
dimorphous
Chactoceros 0.20 Continuous 0.09 0.12 This
gracilis study
0.20 . This
(1 min 9 min'") Intermittent 0.09 0.12 study
0.20 . This
(1 min 18 min™) Intermittent 0.07 0.11 study

[1] Tang et al., 2011, [2] Ryu et al., 2009, [3] Chiu et al., 2009a, [4] Hsueh et al., 2009, [5]
Chiu et al., 2009b, [6] Morais & Costa, 2007, [7] Eustance et al., 2015
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I TELZENOECEELEZE TAHD, B
HOLOD I AN F—HENE L, ZOITA M
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Abstract Anaerobic digestion is an energy-generating, ecologically friendly waste/wastewater
treatment process. However, treatment of anaerobic digestion effluent (ADE) and purification
of carbon dioxide in the biogas, commonly called biogas upgrading, are two issues that prevent
propagation of this process. Since ADE contains high concentrations of nutrients, it can be uti-
lized for microalgal cultivation if the chemical composition is optimized for the purpose. Mi-
croalgal cultivation is at the same time a promising platform to capture and utilize carbon diox-
ide in biogas. Therefore, simultaneous ADE utilization and biogas upgrading can be possible by
coupling microalgal culture. Previous studies using the simultaneous process adopted open pond
systems with algal-bacterial consortium. Although these processes were effective in treatment of
both ADE and biogas, the volumetric productivity and economic value of the microalgal biomass
are low in such systems. Thus, this study aimed to establish a simultaneous algal pure culture and
biogas upgrading using centrifuged supernatant of anaerobic digestion effluent from an activated
sludge treatment facility.

To achieve this goal, the ADE concentration, pH, dissolved inorganic carbon, and metal com-
position were adjusted by batch optimization tests with Chlorella sorokiniana. The optimized
ADE media was then scaled up to 4-L photobioreactor (PBR) coupled with a 1.8-L gas/liquid
exchange column for simultaneous processing. Since the current study adopted algal pure culture
in a closed PBR, gas/liquid transfer was expected to be different from previous studies, and thus,
three liquid circulation flow rates (1,2 and 4 L d") were tested, which resulted in liquid to gas ra-
tio (L/G) of 0.1,0.3 and 0.5.
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As a result, the ADE media was optimized to 10% ADE content, pH 8.0, 0.1 mol L bicarbon-
ate addition, and Mg + Mn addition. While the raw ADE did not allow the growth of Chlorella
sorokiniana, the maximum algal specific growth rate using the optimized media reached more
than 2 d", which equals a doubling time of less than 9 hours. The optimized media was then used
for the simultaneous microalgae cultivation and biogas upgrading process. The average produc-
tivity in the PBR was 206 * 138 mg L™ d". The carbon dioxide recovery rates for L/G 0.1, 0.3,
and 0.5 were 90, 94, and 99%, respectively. On the other hand, O, contents in the upgraded gas
were 8.5, 8, and 14%, respectively. The content of carbon dioxide and O, were in a reverse rela-
tionship over various L/G ratios. The current study demonstrated the effectiveness of carbon cap-
ture from the biogas, but also suggested further challenge in prevention of oxygen intrusion from

algal pure culture. Comparisons with other studies suggest that optimization in gas/PBR volume

may enhance the quality of biogas upgrading.

Keywords: carbon dioxide, Chlorella, CO, capture, waste valorization.
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Fig. 1. Schematic diagram of the two-phase CO, absorption and microalgae cultivation process.
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Table 1. Chemical composition of C medium and PIV metals per 100 mL.

Chemical composition Unit

C medium (Ichimura, 1971)
Ca(NOs3), + 4H,0 15 mg
KNO; 10 mg
B - Naz glycerophosphate + 5H,O 5 mg
MgSO, « 7TH,O 4 mg
Vitamin B, 0.01 ug
Biotin 0.01 ug
Thiamine HC] 1 ug
PIV metals* 0.3 mL
Tris (hydroymethyl) aminomethane 50 mg

*PIV metals (Provasoli, 1960)
Na,EDTA - 2H,0 100 mg
FeCl;, - 6H,O 20 mg
MnCl; - 4H,O 3.6 mg
ZnCl, 1.04 mg
CoCl; - 6H;0 0.4 mg
Na;MoOy + 2H,0 0.25 mg

(ODys,) &L7z0 MISEREZIE, BEF T TRV T v 7 A
HHWTHRELZIT-o7-05, ot tEEH (DR-6800,
HACH) %70 3B ClE L7263 % (OD . )
D1 cm BHEAOBEIIZ LI TFOFERMED» SEHL
PAL 5 RN L VAV

0Dys9 = 1.85 X ODyype + 0.036. (1)

2.1.2. &/EE

AL B, I pH. DIC i B % o L 7278 bii
B a G, B2 E&BEORMEFZHREL, L
B EIT o7, WEREERIMEH L &R,
C. sorokiniana A v 7 5322\ % C KiH (Ichimura
1971; Table 1) % b &12 Mg, BLU PIV MEEBETR

(Provasoli 1960) Z##%% 3% Fe. Mn. Zn. Co, Mo D7t
6 A L7,

FERGAME, HEHEE 2D CHIML, SEBEEA AL
WH bR, LIS ME SR 1 EE T O
RIS $XTOPIV &S BN Z 7251
Mg D A& INZ 725 Mg IC & TR E 4 E % 1 788
FOMA 25 Mg & PIV &L IR 7254
ToFT 15 §efh & L7z (Table 2) . MESIBHZNAZS
Tk, £BRBEONHZRIC 720, C R L [AE D
EDTA Z RN 720

FEAE LTI 25C. = F B 200 pmol
(photons) m~ s\ HARE & ] & BIHA 12 e« w54 12
BRI L7ze BEEEAIHITIZ 96 7o VT L— 2L
720 FEERMIMHIZY 2 VINDIKGFHEEFETH T LR
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Table 2. Experimental series of metal optimization tests.

Experimental condition

Metals
Mg Fe Mn Zn Co Mo

C medium

ADE

ADE + Fe

ADE + Mn

ADE + Zn

ADE + Co

ADE + Mo

ADE + PIV metals
ADE + Mg

ADE + Mg + Fe
ADE + Mg + Mn
ADE + Mg + Zn
ADE + Mg + Co
ADE + Mg + Mo
ADE + Mg + PIV metals

+ o+ o+ o+ o+ o+

+ + + + + + +
+

+: added; -:

T2, WAEFBOT T IVIITEEKEECE L . FEatky
2138 T4 VA EHWTEEREEZ B L 729 2T,
F o o) TINy 7 TT L — Ve FioTz, R
HUZIREFEEEE (SHM-2002, LMS) & W CR IR %
o7z HEIE, ¥M7u 7L —h)—%— (EPOCH 2,
BioTek) % FH\W T 750 nm 12 BT 20587 EE %
LTz LRI Tl 24 BERI R LCATHICEE N
THERLND ODyyy O LADMER SN/, T
KA LG W TABEREROIEHTIZ V2,

2.2. 2 BREREARBRTOLRZMA VW CO,
# Z[ER
2.2.1. EBREH
AN OR L, AEH 40 L DTV
BRE T Z v MSq VD) 72 5 — %2 L7z (Fig. 1o
BRA2 52 imE 25C, JLE FHEAE 500 + 58 ymol
(photons) m” s, HHESFEH] 24 FERIBHEAL L. 1L
Brih & BN O AR DS 0.5 d' &7 5 £ 12t

not added in each experiment.

LCHEGE R E T o7 RPN OKIRMENL, K2
FEH T RGG T SR BRI EIIE BR 2E 1 (CTP-
1000, EYELA) THHVKZIEER S5 2 L THEiIL72,
JEIRI VLB kT (A a Z 1ar 7547 FL20S-
SENC/ISLLN, ¥%) i f L 7=,

VT8 =PI TR E L 7B S 2 i e &
% 0.5L min' CHALCBRSIHELITo72. T2
10 HEPAREIZIZ, U728 — KN D/NA G Ak
BeabiCz, )Ty —NIRICHEE T2 ANTHE
WEEEITo720 LR ML 5 ~ 7T HZE12H LL
EL. A—b7L—TR SNz 20 LR 7aL
YR MV IHEL 72,

WA, ARIARE 1.8 L O7 27 )V iEEH
V7o —% L7 (Figure 1)o fHEH Z212i1x, /N
AFH AL CLEEVEDE NN, AL CO, T A%K)
65:35 TRAE LT A M L7z, HHaEEIIFHRTO
C. sorokiniana 3735 TR ON-BEFE D DIC %
FEDI A 5L CO,-C B HEEAT M2 5 X9, 7.31
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+047Ld' TEELIZ IRETAIHT AN TH5
7 R ¥ 7 (HIBLOW, KP-6035S, TECHNO TAKAT-
SUKI) %ML CHFR L7z WIS 1ERA 5 T 5B
~EHNOW 5% 30 mL min” OEE CTHFIEER 34T
WEEL 720

Al DIPCENOBEGIIE, B3
% CO, [HEXFIET A0, HZERIE (A 70—
¥ MF JREY2—)l PSP-103, LK) % FVCiEils L
TR A A L72e BRI T3 0T 2 —7 &It
EL TR AR L . N #2245 0.5 L min”
THERZITVIT ) 7 b OTEA TN B & G B
SH 720 2 I OWIEER AL, EHR 0 HEA S 9 H
HECTx4Ld . 9HH»S 14 HHE T 2L d" 14 H
H2520 HHETx 1 Ld' (L/G HidZ 24 0.54,
0.27, 0.14) BRI ST,

2.2.2. AIEIER

B CI3 I E 750 nm IS B A BFEEE B LU
frEEY, WIICE TR A LR AD 7 AR
%, ZLCii#C pH BLUDIC iEEZMIEL, b
FREEIIERIN R EGEER (UV-2450, S5E) . K558
TR pH IZIEH 7 pH A—%— (D-51, HORIBA )
&M pH 121 pH T4 —(17SD, SATO TECH [pH
TS : InPro 3030/325, Mettler Toledo]) % Fi\>Cilll%E
ATolze FIRERIE, RT-IREFEE 07 ym OHF T A
WMEIE AL (GF/F 25mm, Whatman) EIZHH&E LK T
P L7zilB %2 60COR T 14 —7 > (DG-82, YAM-
ATO) T 1 HPL RS2 7-1%, BEETRE (UMX
2, Mettler Toledo) Cal=%1T7-72, DIC i IX. ok
ZfLFE 0.7 um O T Aid#EIE AR (GF/F 25mm, What-
man) TJE#E#, TOC & (TOC-V CSH, &) O DIC
B Ay F a2 FHWCRRRILE % OFAEHI RS Z L.
HEELL 72 CO, BERMAITAZLIZEDERLZ, TR
MBLE, A7 N7 T74— (GC2014, B [ 7547
7172 : Shincarbon-ST 6.0 m X 3.0 mm LD, ¥V 7
HAN)TL]) ZHWTHIE L7z,

3./ R

3.1. HbRIE D REL
3.1L1 HILRIRE. ¥4 pH, BEERKRRZRE

FeTp AL BE T OB TIE, 10 ~ 25% D5
T OD;5,0.15 FEEEE TOIEGEA S 72 —75 T\ 50%
BLU100% S TlRIZE A EBEARSIT, 0067
~ 0.096 DENIZEF 572 (Fig. 2a) o 10 ~ 25% D51
Tld, F R EEE AT 047 ~ 0.55 d" 7D, 10%
THILHEIE BE T b VY OD,s 0.156 35 541720

10% WAL % VTR 72 2 91 pH 44 T1To 72
B2 TlE, pHT ~ 9 O 5 THAGHA T RL S AL, pHI0
PLETIZIZE A EHED RSN 72 22 572 (Fig. 2b) o
pH7.0 B XU 8.0 THLDARF L & A I\ gl E
AL (p<00D). 121095 BLU1.05d"
Th o7z, pHS.0 TIHMHDRFND 1.5 LB EITE W
(p <0.01) #: K OD;500.34 D3RR SI72

109%741LiE. pH8 THT o727 % DIC {& % T CTORs
R TlE, 04 mol L' O EIEELG LT
ETOFERMTINE TORERED bE iR g5
JE 126 ~2.04 d' 231551172 (Fig. 2¢)o H T3 DIC
JEEE 0.05 BLUN 0.1 mol L TIEREINEER 82 ~9.5h
HHEFRSIL, ;K ODysy  1.05 EZNETTHRLE
A N7z,

3.1.2. £ E#

Tl b SN L A VG B2 8RR
NG L AR BR %17 572 (Fig. 3)o {HALTIZ 4
&% AT IR 729285 Cld, Mo IRINIX. PIV 7380
X, BIO Mg iRIMXTHLEX LD bE B R
B HERR S 72 (Fig. 3a) 0 L LIS DI
S B LR ODs 13 C BF X & I L CTE N2
W 4 fEB LU 2 5D &N H 572, F72. Fe. Cos Mo
WX TIRUTE A EBFEATTERR ST, TG ARIX
LD HEAE ODys HMEA 5720

OB LR HC Mg L S S E A LA A D
BRI 72538508 Tl Mn NI & PLV d-A0IX
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(a) ADE content
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Fig 2. Growth curves of Chlorella sorokiniana under different (a) anaerobic digestion effluent (ADE) con-

tent, (b) initial pH, and (c) initial dissolved inorganic carbon (DIC) concentrations. Growths are expressed

in optical density at 750 nm (OD.5,) with means xstandard deviation (N = 3).

T C R & [ 55 O i #% OD,s, SRR S 172 (Fig.
3b) o HFIZ Mn IRHNIX Tl C 55 Hod ok b B 5l o i
1.1+0.1d" 1235083 £0.03 d" &fedm WA
HFoN7z, —7F T Mg lZH AT Fe. Zn, Co. Mo %
WML 72 BRI TIE, BB s RIS, AL
WX LD HEND, HEHNIIITEA LIRS 2%
o7z

3.2. 2 BEREARBHTOLREAWE CO,
7 Z[EUX

HALE RS o> pH 12535 8.39 = 0.15, FEEAEN D
pH (FF5 9.56 + 0.10 THEERMI % 8 L THIRW L E
L. K530 pH MR E L L) B4 1 FEEE S ilD)S
MRSz (Fig. 4a) o —H. WIBEAN O pH 1L LG
0557820+ 034 &, LIGI03BLU0.15%
£ 7.82 £0.09,.779 = 0.13 L LB L THEIZE >
72 (p<001)o
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15 - (@)

—0O—C medium
——ADE

—=-ADE + Fe
——ADE + Mn
—=<ADE + Zn
—+—ADE + Co
—-=ADE + Mo
——-ADE + PIV metals
-o—-ADE + Mg

—O—-C medium

——ADE

—o—-ADE + Mg

—-=-ADE + Mg + Fe
——ADE + Mg + Mn
—><—ADE + Mg + Zn
——ADE + Mg + Co
—+—=+ADE + Mg + Mo
—8—ADE + Mg + PIV metals

Fig 3. Growth curves of Chlorella sorokiniana in diluted anaerobic digestion effluent (ADE) with various
metal supplementing conditions; (a) only PIV trace metals; and (b) combinations of Mg and PIV metals.
Growths are expressed in optical density at 750 nm (OD;5,) with means +standard deviation (N = 3).
Growth in C medium was added in each figure as a control.

BEMNO B ER L LG 05, 03, 015
T CZEN2EI 390 * 56, 295 * 60, 468 = 150 mg L
TH Y (Fig. 4b) . HTOLEDHLNIZ, F#IZ L/IG
K03 &ML 01 KR QAEZICHEmMLZ (p
<0.05) o DIC i FEIL, BRI 2 L TRELTBD,
AL HATFEISME 1308 = 48 mg L', Hasflis
1093 = 41 mg L', WPUAANAT 1288 £ 45 mg L' T
HY. WICEEEN O DIC IEESHILHE L D
<, RIS CHALR L & 1FIT L > Tz,
VIR R O L) 5 L 72 AR R R 13 206 +
138 mg L' d" jRFEMEEHEIL 94.3 £ 71.5 mgC L
d' &7 o7z,

HBERE T A DL N, TADS 64 £ 2%, CO, A

HT34 £ 2%, O, AW 1+ 1% Th -7 (Fig. 5a) o
BT ATIZ LG H2%0.5,0.3.01 L34 T 512D
NTCO, W AEENZENEIN 032 £021%., 2.3 +
0.71%. 3.2 £ 1.1% & #%& % 212 A L (Fig. 5b). L/
Gl 05 EHDAEEIM D572 (p <00 £5
D CO, MLERIX 99 + 0.7% 94 £ 2%, 91 = 2% T
Holze —H. FFHEFAHFD 0, W AIZENZI 144
*4.1%. 8.0 * 0.7%. 8.5 * 1.2% &. L/G It 0.5 %1%
LT3 BLU 01 DOKHTHEIUK 2572 (p
<0.01),
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9
T
K b oobd booood it boooood
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Fig 4. Two-phase CO, recovery and algal culture (a) pH and (b) algal cell dry weight. Liquid to gas (L/G)

ratio was changed from 0.5 to 0.1 in two steps.

4.% %8

4.1. HbRIE D REL
4.1.1. HILRRE. #8 pH, BEERRKRRE
AL RN B 1 10 ~ 25% TLOH B BT 7 B piE
RSNz (Fig. 2a) o IR ESRMCTHEAS R SN
ol RIE, EERE NH, IREEICH S EE 5N
%o IKIZVEIT 72 NH, 1 pH 25 W T E NH, (2L
TZIRBEDEEHE 72D, 25CTOHRKIZBITS pKa ld
925 T 4 (Bates & Pinching 1949) o {H 1L JEE D
NH,-N 2134 1000 mg L' TH 1), Ki7E0H pH 8.98
DEHE NH, 13 450 mg-N L' ©F 1) 32 mmol L’
LB s 7z (Anthonisen et al. 1976 KD FAE) o A
72X [ Chlorella sorokiniana NIES-2173 k% Fv 72
BEEFZEIC X B &, RERDBERE NH, (2845 ECy, 1
1.6 mmol L' THV, 3 mmol L' PL Tl & A EHEGH

IR &7 o7z (Sekine et al. 2020) o ARHFFETOMHAL
TEIE O e BE NH, 2 I AR BROTRED 10 5Ll Eo
ERETHY, THAURK CRGEA RO N o7zl

TR &Nz — T HALTRIR B 10% 414 Cld pH 27 8.56
F T L2 & FE > ClERE NH; 32 FE1E 1.2 mmol
L' FTICFL. S WIEiEE o7zt E 25N 5,
EZBDIN0% BN 72IETEDG H 72 17 ~ 25% %
FESECHlEHE NH, i1 3.0 ~ 4.5 mmol L' TdH
D.ECs % 2 fEREEE M 2 T\ /e BEERFZEICBWNT
NH, [HEDEG I NA A Y AR ED G b L
RSS2 D ST D (Uggetti et al. 2014) o
BEAERFZED EC5, 1.6 mmol L™ (Sekine et al. 2020) (4]
WA BIED R 0.02 THERSNTBY, KiFFETIE
0.05 PL b& 2 5Ll ECRE L7272, HED RIS
TWaTREED S B A0 ARBFFETILEERE NH, 1B E 2
2 ECs AN &2 10% i S 2 ilfE L D, €
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(a) Supply gas
L/G ratio: 0.5

1007::__2 e = ==
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1o
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12345678 91011121314151617 181920

Time (d)

Fig. 5. Gas composition during the two-phase CO, supply and algal culture in (a) supply gas and (b)
treated gas. Liquid to gas (L/G) ratio was changed from 0.5 to 0.1 in two steps.

DEROFERR AL 7=,

6t < pH D #AL TiE, pHI0 A5 D 4 T 1é il 7
RSNz <F1g 2b) o pH10 DL ED STl itEfE NH,
7564 mmol L' Z#z., BIHA 24 I2HIH LTwizk
EZHN b, —J5TpHT ~ 8.5 TILiEHE NH, 1% 1.1
mmol L™ PUFCTH 1) EIEE T L AL WHT ViR -
7oL REB STz, ZOWT pHS S ClEZEH L TEW
WA SNz € OWIRERERIZAHITH 205, #i
DIRLREE (N =6) 2170728 2A, 1ZIZAEOER
MPEONIZ e, WERAEORREIIERI SN,
pH8 THFEDS E 22 o 72RO —D> O] EEtEE LT, {H
AL EE 0D DIC DIREAIEZ BN S, RIBDELD
DIC = s iR T, &b {Ev> DIC % 0.01 mol

"SI, 0.05 ~ 0.1 mol LT & IER L CHEGiEAY AR &
CHpI S N7z HALIEER O DIC 1249 1000 mgC L
TdH-o727% 70C 1 RO LIRS O 10 FEARUC
LT DIC AN LTI REMED D %0 D72
. pH e # L FEE T3 DIC 2SO ALEIZ R > T
T2TREED S Do pH XTIV A D HEIZIE T E 22RO
CO, XM AR T, F7= Chlorella JEIXE k%
TR I Lo OB BUIRITE L2 &0 (Bear-
dall & Raven 1981, Fan et al. 2015) . pH7 %> 7.5 D51}
L0 pHS THFEAE e o /W REME D B 50 Z DA
DOFERE LT pH ZALITHE) &85 DOBRELR EDSE 2D

v FEDTRE XS B OMGESLEETH 5o
DIC 2% 41 Tl1d. 005 mol L' & 0.1 mol L' D5
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HORLBVEIAN S ON. EkoLBY, KR
INED A7 0.01 mol L' TlEBZ 5 < DIC 7
DIZHFE SR S 720 —H T 0.2 mol L' DL DS
BT RBEPEON L -7 BER]ELTEZON
DX, BATVIBETH D, RFEERTIL, DIC IEFE
OFEEIZ NaHCO; ZAEFH L7z RFEIZIEAIETHY .
DIC JREEDSE N 5120 TR O Na AL |
HIEAME D o7 E 2 BN b,

PLEOFER LY ARWFFE TR LRI Z LR
T 10%. pH8. DIC 0.1 mol L™ |ZFR%97% 2 & T
B2 C. sorokiniana OF;hé L THEHTELZ L
WL ER ST,

4.1.2. £E8

FFENOBIEOR LA L7290, HAl (PIV
DIHEE) TEBERMLIZEZ A, Mn, Mn = & T
PIV. Mg DS THALIIX &0 b i ERR S
7z (Fig.3a) o TOZEND, ARFHLHEEHLTIZ Mn &
Mg 2SR Z LT WA BEMEAVRIE Sz, BEAFIFZET
\ZKFEE A5 VR 7L C Mg AR Z$ 5
Z LS &N 2AY (Kimura et al. 2019) . Mn O/R 2
IZDWTIIARIFFE CTHIO THERR S IL20 Mn DAL Mg
DI TIX C Kb IEGH & T L T4 LT O HE 5l ¢
72720, 2 DR MAE DO TR 5L EDTRIE
Sz

ZZT ft\C Mg £ S REHAG LY T, B
BB RER LTz ZORE, Mg + PIV =4
JBHEL Mg + Mn DT b E\ I S (Fig.
3b)\ Mg & Mn 2SR {HALHEE L TAR LT izZ &3
BoOSNTe ThH 2 005N TRERENEFEEIL
CHMELFETHo7Z 00, CEMEFBEEDN
AF Y ANEDPEON D EEHAMER TE /22 &0 0
bo —H THAILHIHAME L C Ko 1.1 £ 0.1 d 7" I
X LC Mg + Mn T 0.83 £ 0.03 d' THV), CEHIH
HEIZEP o7z (p <005, BEENIZETIX, KERXY
FEREHRIEALI 2 -V ORISR L [R] U R A R A2 L 72 15
12\ C Bt & S5 O35 # A5 54172 (Kimura et al.

2019) 0 AWFZETIEHILIIL. FARFGIRE LTS 2
5 VEEEERE D S OB B LI HN A RN L 72t 2
LBl 7B KIB L Cdd B0 TR RS TR FI DBk
MO DOMERLE L G2 70 ReME D ® 5755, Fl
EAHTH %,

72, Mg |22 T Fe, Zn. Co. Mo % Z1LZ L HAf
THINL7z 4 RHTIRIT & A SHIEDFER SN 2>
720 Mg DADFAFL) SHFEHMK D o 72DIF, Zhh
R IR T2 LA L TR0 EE
251 % (Guanzon et al. 1994) . — /5 ClRIE DK E 4
BAVRIIENT V5 Mg + PIV 5 F TR BATHAT RS
N7-Di, BRI GClE bR o 2 IRET
57O EZEN TR ST-OTIE RN EEZ LN
bo ZOZENL, EOEEPANELTVE0AHZ
AL V281213 PIV ME S B HO L %2
BRAEDING Y AR LRIMENT VWL IREDO D DE IR
3% 2 & CHGHFHE 2 3 T X Z ARk AVRIE S
726

REBRNAEF L7z A5 5 BEEALTE Tl Mg
FAMEIET A9 2T Mg & Mn SAVEL TV 5 Z EHSHH
bipkrolz, BHEIZaANFFEERMHLIZAY V55
AL 2 O B B 2 T o 72 BEAERTZE T
Mg DSAET A LSS D72 5TV A (Kimura et al.
2019) o THALI O Mg™ 131 Y ERR AR & FUG LR
FEEDEHL OO ZEAVRENT VS (Park
et al. 2010)s DT EMNH ., HALIE A VTR R
EREETLILAE Mg PARLR T WERHETHL L
FAONDo AL EEFEAHALT Z V72l B ORE
ETIE, AYHRBIHEHSIN G EEDE NI LoT
HESN DAY CFEFEHALIOA AL L. A
B OWHLEE DSBS 2 EDWSRIR->T VD
(Degbowski et al. 2017) o ABFFE TRV ZHALIRIZ T K
HIRA LIS LG R SRS N2 O TH S
A LB EE R B RA e EORINA]L LT O A
DENZEY, TH T T EHERHLE TIIARE L 255
ToMn SAVELTEEZ OGN L, SBIITRAY V5
BEHA L A PO R b & LTV A A2, ARHE
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FeLERRICTHILIICAE S D E S BB T L
AN AR T2 L ENHLEEZON S,

4.2. 2 BREREARBR7AOLRZRAW: CO,
# R [EUR

AL ST LTS A F V72 2 AR BR AR A7 2
WO A% FEEL 72, EEBRBIEZ @ TEMO pH
(T ZEE LT\, HahE i SR T
X pH 2587 84 054596 T TEHL., ZOHRIIE
T 78~ 82 FEEANLIHA LT (Fig 4a) o ZALITKFEE
FEIZBWCH MO DIC 275 % 342 LT pH 25 LA
L (Zeebe & Wolf-Gladrow 2001) . Z D% CO, D
(LD pH AN L7722 b 2R LT 0D, IEED
pH X L/G L 0.5 5 01 12 TRA SEB L, i
(X5 CO, DUAGEI GG INS 5720, 3N pH
BRI T L7ze SOEND pHIKTAL/G 03 B
L0 12B1F5 CO, FER DI (91 ~ 94%) 125
BL7bE26N 5, F720 R LG HTOEEEEII
5 CO, A EIZZILL 2\ iz, LG I 0.1 51
TORNIRIBE pH (IEFFEAE pH | TEEE L o7z,

CO, MR A% LT 90% DL LomEW EZ 7R
L. BFICL/GH 05 &M Tl 99% L1TIZTXTD

CO, DR L7z0 —F CTHZEMTIL 0, DIRAEIG DS
14% L F <. HEERE OB EE R AR A2
% I L7260 LIG 1% 0.3, 0.1 ¥ U5 & CO, X
IIENZN 94, 91% LA T5—F7 T, 0, IRAEHIE
B 8% FEEF THMA L7z ZOLHIZLIG HidEn &
CO, WIS AN 53 20— T BT &5 LR
SEEZENED L GRALTLE) Z MRS,

2 ABPEBR R4 ZAEH T Ok A% O BEERFZE T
FERZME AR OSNT WS, BIZIEFBR) 7745 —
TR N7 7)) 7 SRR R WO A o AR
AT BEAERFZECld, CO, IREIZ L/IG L 1 25 05
W22 T 1% DT O IFE IR W E 2 5 —T5, LIG
0.3 TlE8.3% F TEATIIHML 72 (Toledo-Cervantes
et al. 2017) o [AIEEAERFZEC O, IEEEIX L/G H 1 OB D
0.8% 75, L/G 0.8, 0.5 12713 T 0.1%. 0.01% & i
DL7ze TOIHILIG DR BIIEANER) T 5 —
R E OB L > TR D720, V775 —ik
ML U TR T A CO, TN O, i % 5
RO WET T o LED DS,

KREFFED LIG 0.5 12 B 2K T Ao CO, i
FEZBEAENISE O THIL, BV CO, [ AE:
LN ENbro7z (Table 3)o —H T FHFEED

Table 3. Comparison of CO, gas upgrading performance using two-phase recirculation process.

Bi Gas/PBR .
Photobioreactor PFD 1oma'ss‘ as/ L/G CO:2 gas composition (%) O in upgraded
Microorganisms productivity ~ volume Reference
3 0,

(PBR) (pmol m2s1)  (gL'd") (LL'dY ratio Supply gas Upgraded gas gas (%)

HRAP Algal-bacterial 10 455 g9 025 107 295 68409  12+02  Posadasetal, 2015
mixture

HRAP Algal-bacterial 420+105  0.05 ND. 1 295 0.4%0.1 0032004 Loledo-Cervantes
mixture etal., 2016

HRAP Algal-bacterial 1506 1+ 500 .06 032 05 295 0.8£0.0 0.01+00  Loledo-Cervantes
mixture etal., 2017

Bubble column  annochloropsis 0.1 1.05 330 30 5.8 5.3 Meier et al., 2015
gaditana

Bubble column  anmochloropsis 0.1 1.05 678 30 2 6 Meier et al., 2015
gaditana

Open PBR N?.”OCH"“’P“S 100£20  0.03 011 182 28 1.9+0.6 1.2%0.1 Meier et al., 2015
gaditana

Flat-pannel PBR Corela 500458  021+005 183 05 327 03102 14%4 This study
Sorokiniana

Flat-pannel PBR C7orela 500458  0.13+£0.12 183 03 358 23+0.7  80+0.7  Thisstudy
Sorokiniana

*HRAP: high-rate algal pond; PFD: photon flux density; N.D.: no data available.
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CO, FIEAFHFOEN L 5T, MHOM7ELD S 0,1k
ANBEDE o720 ZIUNZ L DD DEHDFEA T
HEZEZBND,

FIIROIZ, HWBAEY OE DB L 72T Rl
b bo BEAMITRDZL OSAIESE N7 7)) 7R
I2& % H,S X° NH, ORAL L FIFFIZHAYE LTHY (Posa-
das et al. 2015, Toledo-Cervantes et al. 2016, 2017). &
WO 5 ff S E D RN TR FEANE IR H SN B IR
BCTholze TNHDORFNTITHHE T AND O, i’ A
HIIIRE ST T 0.01 ~1.2% TH Y (Table 3) . L/IG
A 60 FREF TECLTD 7% FBEICPR724172 (Tole-
do-Cervantes et al. 2016) o — /ORI T
HW72iFZE T, RRICPASE RS 2 W75 6 13
HEETDH 6% LB\ 0, [RAEDH SN2 (Meier et
al. 2015) . K2 T C. sorokiniana OFiKEFE% H
Wizrzd, MOMAIC X A ENE R ST 0,
RABEDEL Lo/ E 26N 5,

KIZ, BEBOIROBRTHEEZE 6N, I
£ TOL KDOWFEDFARCRE M E V7225, Hi2ht
KERMWRI» IOz L, HEEENEL (015
~ 03 m) BEH2) OBRFEABEDR 20, K
Fe& D SIEAFRBE D 225 L WE o722 EAYE
BEIND, RBFED L) SRR TR R
W (0.05 m) A TICEFRER SR SN COo,
WS CHREBL AT AR R ASTR AL C L E o7 1] e 1A
Hbo

BT, A R 22 48 (PBR; photobioreactor)
BRI 23N F T ADOMHE & (Gas/PBR) LD Y
29 % (Meier et al. 2015) o i 22 #8126 974 ik R ARG
wEONET DL, BHUIT7T V) BICEE. KD Co,
AN T VIR 2%, 29 T5HEKW LG LT
b CO, DEMIT 3 HHEAET I HEIL . &\ CO, [H
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