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Effect of high free ammonia concentration on microalgal growth

and substrate uptake

7I<Dx|1 xxHoﬂ A S I-r:||.|A2 §|‘A‘|x|1

Eun-Ji Kim'+Jae Hyung Cho -Kyung Ho Noh'-Nam guisook’-Sun-Jin Hwang'"

'Zlthetm Bajchet Bst U BB, “HRE0iE

SAt SOE

'Department of Environmental Science and Engineering, Kyung Hee UnlverSIty, ’Korea Rural Community Corporation

ABSTRACT

This study investigated the effect of high concentration of free ammonia on microalgal growth and substrate removal
by applying real wastewater nitrogen ratio. To test of this, the conditions of free ammonia 1, 3, 6, 9, 12, 15 mg-N/L
are compared. After 3 days of incubation, algal growth of Chlorella vulgaris and carbon removal rate are respectively
lower in the reactors of FA 12, 15 mg-N/L compared to the others. This indicates that the high concentration of free
ammonia, in this case, above 12 mg-N/L, has negative effect on algal growth and metabolic activity. Also, high concentration
of free ammonia causes the proton imbalance, ammonium accumulation in algae and has toxicity for these reasons.
So, we have to consider free ammonia in applying the microalgae to wastewater treatment system by the way of diluting

wastewater or controlling pH and temperature.
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A F4H47) 9L

Sulgo FASE T E §712 9 JPRAR
o]fojA glom], Aol Tl F7kehi Gl A
olch. Eat 4 MjEGL ARolA HEHE F w4
o Qlxtef Btk o] s 0@ Eatare A
of Agee AT A= 00| AZSIHMOAF

and MOE, 2004). £3], 2013 @56 #4290 sjofuljZo]

A FAEUA A 71E o] oS Zas|

A, 1YEE ek s 52 882 A &

U o] ftE= Aol

oo B oM A W S|4 Ao ulhx=
Q

29 48 7FeA e ARSI Sk 1 5 A4 Hol
L PEHOR g f718 U dudopt £

Aot HollA =5
F(mixotroph) THARYA]E 0}74] &L, o= SHIY
(autotroph) 2! %—é,\—oéok(heterotroph)»o— FAAHA O
2 oA 4 dokar delA Qdoh E3F o= ZF ©e
7]70—51;]. AAlo]| agZ el EH/\]_ 7];(1—0; 347;1 o
Ch(Lalucat, J. et al., 1984; Katarzyna, C. et al.,, 2004).
JYEE T §71ES TRE 2 g Aol
A279] Ago] g4 7oz aAdteh
A, Hl4 W EAshE L= Yok HlA|
A FAT = Uk mA 2R Al 2
talieAl, AL dE54 D AL g fUERE
ast7] flal AAaYS astal, o] T4
o Aavt AAE7] wzolth. 2y dEUok=
9 pHol| we} NH, (Y HE0]<; ammonium ion)
9} NH3(5-8| 4 Y o}; free ammonia; FA) HelZ2 43
S o]Fm EASt=tl, °] F =9 NHj(free
ammonia)= TN 27F2] FE/del FAA ] FFS v
A= AoR HE Hl QKA. Abeliovich and Y.
Azov, 1976; Y. Azov and JOEL C. Goldman; 1982). 71
Hug s #HeAeo] nAlzRe A8 7Hede
B7sE7] fleliAe 2R/l 54 vlE 5 e free
ammonia(FA)®| =0 T2 FEs} wEA] AR5t
ojof & ol A<= free ammonia(FA) 5 5=of whe}
|27 vlxE P uketetaal stk @R
o] Apzl-L dfod o]-Oﬂ mixotrophic A= 243140,

rOl

2 o

o > o ot N

|

7] A2 A2 S0 AubAe] A4 HSS T
gsto], F °1'2140}(t0tal ammonia)?} AAM AL

(nitrate)®] =5 AASIYETE UAMZRF  Chiorella
vulgaris & 25 o] 83t A 9 7A A A FTFS

] %)= free ammonia(FA) 55 =£3}¢oH, 1%
&= FA gAolA TAsh= A8l 7125 Atshd)

2. i

2.1 OJMI=F HHSS

H oo A= mixotrophic ThAS 481 4~ Q1o
UJL £ S Hjuwsto] C, N, P A AFo] gt A
o2 A4HA Chlorella vulgarisZES AT o= A
AstEt. Chlorella vulgaris'== KCTC Korea (Korean
collection for type culture)of] 4] EoFateko ™ BG11 Hj
A5 olgsto] vttt BGIL Hjx[o] FAE
Table 1¢f YeEFfSict &2 A 2 pH controllerE
o] 83lo] &% 25T, pH 7.540.58 923+ A
200 PPFD (L:D=24:0) 4 =9] LEDE ZAFs|=G]C
100 rpm?] &= wykste] uj kst

>

Table 1. Composition of BG11 medium

BG11 medium

Ingredient Concentration Dosage
NaNO; 30g/200ml 10ml
MgS0,-7H,0O 1.5g/200ml 10ml
K,PO, 0.8g/200ml 10ml
CaCl,-2H,0O 0.72g/200ml 10ml
Na,CO3 0.4g/200ml 10ml
Citric acid 0.12g/200ml 10ml
Ferric ammonium citrate | 0.24g/200ml 5ml
EDTA 0.04g/200ml 5ml
Trace 1ml
ZnS0O47H,0 0.222g
MnCl,-4H,0 1.81g
CuS04-5H,0 0.079g
Co(NQO3),-6H,0O 0.049g
Na,MoQO,-2H,0 0.39g
H,;BO; 2.86g
Distilled water 1L
Distilled water 1L

2.2 Free ammonia Sk A= 2 MXY

49 % Yok &= 9 pHol wheh NH (¢
HEo]L; ammonium ion)2} NHi(5-2]Qt Yo}, free
ammonia; FA)Q] A& B&Z Zxsly, 72 9Fo] ¢
Dyolrt 2218 W= 2%, pH7} &5 FA 5%
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7b 7Rkt AA hRYot skzo] whE NH:-N(FA)
= AFES Equation(l)= F3ll A4S al(Poggi-
Varaldo, HM. et al., 1997, Hamed M. El-Mashad et al.,
2004), o] Alof Wt 7] FA 5= 2421, 3, 6, 9,
12, 15 mg-NL2 A3t

NH; — N= Total ammonia (Eq. 1)
— [)H - 1
X1+ . 2725 }
—(0.1075 + T)
10
2.3 Haidy
7] &2 BGlL WA S o]&st o, g,
u

Ho o b

0.5, glucose 2.5 g-C/LE ©AYLR 3L =7]
NH;-N 5% 2421, 3, 6,9, 12, 15 mgNLZ 44
3t om, FHEOl2(NHy N2 132 mg-NLE HE
270] FAek ATk WA ALNOAN:
nitrate) = = PG SH FT| 43N {FE
B4 3}+e] ammonia(NHz+NH,") : nitrate(NO3-N) = 7 : 3
H]E8-S 17183})(Greenpla; TH3ZEHFH), 2013) 60 mg-N/L
=2 AR5tk A A(POsP) vEe T A9
/1002 A5}k

=g olmY HF-Z-ZoA] working volume 1 L&
195kt 27 o2 FA %5 A%t NH-N
e 25 A 245t 9k, vz 2k
A3} AUl pHE 7.1, 7.6, 7.9, 8.1, 8.2, 83& T2
BT o] 2ol Al equation(1)yS 0|5} 2
7| Chlorella vulgaris 5=+ 0.35 ODZE A5} o,
WHFEES 100 pm, F271L white LED 200 PPED
(L:D=24:0)2 -5}k

e

. oft off

Table 2. Experimental conditions

2 AH O pH 2742 A free ammonia =5 %

Q3 HBEomH, XA R pH 7.1-8.39]
2 Zpe)7t Coulgaris®]| FFE =4 control AH
S5l B7he 227} Qlrh Control A2 pH o4l
Ad 99 He 20E FYstA dAsken, da
< dEYol FHE At Fibd A (nitrate) T
= 60 mgNLA FUsqie: ofof wet Ay <l
(Phosphorous) 5=+ &AM 2l A(nitrate)2] 1/102 A
AASIETy. 27] Chiorella vulgaris 5=+ 0.5 ODZ
working volume 500 ml2 slo] TgEd AL

1= e
gatgom, a9 Py, BISEE 2 AY
ol ARkt A Ad =3& elshe] Table 2

off Leb 2.

2.4

HI

e

UJAIZRS AARE as 2R AE 2T 2
43171 $130 cell densityE A= o]&3}3iTh thiE2]
o] cell counting 7|¥ ¢l &A4=ZHhemocytometer)2-
o]-gatg o, ] = (grd) ol = AEZE At
o 8] Hulgt A4 cell densityS AFEs}SITH

713 AH|E= AR o] 0]&3}o] IC(inorganic
carbon), OC(organic carbon), & ¢} 1 oHNH,-N), ZAF
4 Z2NON), QUK 2APOP)S 712 H7Fal ek, 5
FEhAL Z2971ERAEA7(TOC-V CSN, SHIMADZU,
Tapan) ol§3e] BAHSIAT, fUEeR FH
glucose~= DNS(3,5-dinitrosalicylic acidy oz SR E
417](HS-3300, Humas, Korea)E ©]-83}¢] 575nm =%+
oA 24t F RUOHNENE SHA L
0]-2-5lo] Water Analyzer(HUMAS, Korea)= =43}

o, AAMd HANO-N) 9 Q1A I(POP) A
A542E A 7]|(Auto Analyzer 3, W]l 2o}, Korea)

2 olgste] LA stech

It

2

Reactor pH NH;-N (mg-N/L) NH,"-N (mg-N/L) NO;-N (mg-N/L) Carbon (g-C/L)
Control reactor 1-6 condition - - 60

1 7.13 1

2 7.61 3

5 791 5 NaHCO; 0.5

132 60 CeH12,06 2.5

4 8.09 9

5 8.21 12

6 8.31 15
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H Ao A A 77| o2 pH Z A 3}l Chlorella
vulgarisE H|FE o 2 =
o3t o]t A opua sk &
day 7F cell density H3} 2 JUAF N, P 5\—3] o%
23 Zti(Table 3).

pH7} 5% oh2 2ANA A L FFAF AlA
o3t Afol7h Goiek. weba  AHo] FA S5 %
A dAstz] ¢l =47 pH (7.1-8.3) oA =
pHOl w2 nlAEFe Ggo] g Aoz wolu)
2 A Fastrlo] Aget Adew HekETh

o\
o,
o}
Oﬂ‘r
N
)
2
i
é

R

3.2 FA S0 e J

27| FA 1,3, 6,9, 12, 15 mg-N/Le] 276 &4
shole o, A wsks oheT 2eiFie D).
FA 1 ZAA Chlorella vulgaris®| cell density7} 7}

A AA F7FsESlaL, o] free ammonia® {17t =AJ0|

‘ —O—FA1 —~8—FA3 —O—FAG —B—FA9 ——FA12 +FA15|

20

E
> 16 -
o
Q
e 12 -
-
2 s
w
c
[}
!
o
(%)
0 + T T T T T 1
0 0.5 1 1.5 2 2.5 3
Time (day)

Fig. 1. The effect of free ammonia concentrations on algal

Fig. 2. Chlorella vulgaris in FA 15 after 3 days (microscope,
x100)

2579] Ad7dol 11—1—474] vehton, &4 &7 AR
AL 93|8 AA|EFo] HASHs 2A41E Yelch &4
T& AHOA FA 15 27oA= A Aoz Aprd
gt 279 Aol b AR = 5FtHFig. 2).

wh2hA] Chlorella vulgaris'= FA 12 mg-N/Lo]A+9] 5
T 304 1B % free ammonia® 213 A A oS
Hke Ao 2 gohEc

3.3 FA S&0 [ME 717 24|
3.3.1 - F7IEA AH|

27| FA sxo| ©WE Chlorella vulgaris 2] 357k
o AHEE TRt ow, GENE § B 2uE
A e AthFig. 3, 4).

FA 1-9 mg-N/L ZANA Chlorella vulgaris2] THIA|
3 F A 4H] £E5 79.0-88.4 mg-C/10°cells/day

cell density. 2 v gARHA =EE o, e FA 2340
Table 3. Algal growth and substrate removal of Control experiment
I Cell density NO;-N PO,-P Inorganic carbon Organic carbon
P (10°cells/ml) (mg-N/L) (mg-P/L) (g-C/L) (g-C/L)
7.1 30.6 60.0 17.7 0.47 1.6
7.6 32.2 59.1 17.4 0.47 1.4
7.9 32.6 59.5 17.6 0.42 1.5
8.1 31.1 60.0 18.2 0.43 1.3
8.2 30.9 60.0 17.8 0.44 1.2
8.3 31.2 59.8 18.1 0.45 1.2
718
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Gallert C. et al.(1998)¢] wW=H, nAEL 1%
free ammonia®] =% A|E U} 2]5-9] proton imbalance
(Fol& Ed3)ol WAsHA H=tl, °ol& 2537
8l AR E AlE Aol o]-88HA] XA He AS
= mag v o e Ae) 712he A dAjolA
= Ao 7, ZFo|Ax= autotrophic 2! heterotrophic
dael wE A uld 5 9l

olof H3le], 1= 2] free ammonial= BFA A&
o Ao A FE ACBE eiA Uk B
712t & T8Hkg 1Hgol #ost= photosystem Il = =
S AElEte] AMAE &= IS FtH(Bruce A
Diner, 2001; Kristina N. Ferreira et al.,, 2004). 115 %=
FAX= ©]2{3t photosystem Il 9] 7|5 €A do7 4=
e, PSI Ol ATl =9 sl 282 Walsto]
autotrophic TIAFE 23 Aske 4 glck W vl
) THMiriam Drath et al., 2008).

—O—-FA1 ——FA3 -O0-FA6 -B-FA9 ——FA12 +FA15|

Residual organic carbon (g-C/L) Residual inorganic carbon ( g-C/L)

[=]

0 0.5 1 1.5 2 2.5 3
Time (day)

Fig. 3. Inorganic and organic carbon removal by FA concentration

100 LR &), (Y @) aHlE vEH g
mOC mIC (Fig. 5).
g3 80 1 U |25 Chlorella vulgariss= 25 Z7A40 A ALY
_g Y o % omqo}(Nm-N)E BN g R S R BN
Es (NO¥N)Z o]-88}3ict. o) vl zFe] ol o
'g's 40 - 3t preference®} AHEo| 23t A B4 inhibition
if 712ko] ol Aolct.

201 "Preference' 7|22 Z1AMA]Z Ax(nitrate)o] B]El] bR

o YoHammonia)9] ©]-g-o] oYz ZHolA fs}7] @

FA1 FA3 FAG FA9 FAL2  FAIS wjj Fof ¥FAR¥3CHRichard C. Dugdale et al., 2007). Fig. 6 >

Free ammonia ( mg/L) oA EHEo| mARF{F= drE o]2(ammonium) F 'é
Fig. 4. Carbon consumption rate according to free ammonia B o] AadS Aol A 1%5]'7 | wizoll, BAd A
concentrations Zx(nitrate) 7} ©]-§-%7] A= 7 2 SGAE A

Ao gtth. DB ER nN R %Tﬂ oA glo] up=
12, 15 mg-N/Loj| A= Z+7} 58.5, 57.1 mg-C/10°cells/day 0] 83} 22 9L olmjolE AAaow NI A
2 AT iR F g SelE ASE T o) gr

= AL HERTE. hmuofel] ofgh HARd E422] ‘Inhibition' e 1] A
7RSS RIRs SIS R Ve g 5 ol B Sof o2 @acl) e

o], =% FA 12 mg-N/LO| FZof A5 ¥ g 4xH]9 nj>- thokslA] 2HASIchRita B. Domingues et al.,
AdfE ko webA] sk free ammoniat R 2011). thEZol @golom omyo} ko] w2

Chlorella vulgaris7} 3-7|€t2~5 ) A}SH= heterotrophic, Moco(Molybdenum cofactor)2] H4Jo] 2it}. Fig. 6] A]
L7)Ek A4S AH]EH= autotrophic ThALY| HE A S Hzo] HAM HAWNOs )7F obEAd HANO, )=
Joy= Aog AlmECh 3l o 24 E A(nitrate reductase)”} o] 3h=1],
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I —O0—FA1 —e—FA3 -O-FA6 -B-FA9 —«—FA12 ——FA15

Residual NH;-N ( mg-N/L)

Residual PO,-P { mg-P/L)

80

60

20 -

Residual NOs-N [ mg-N/L)
=y
o

Fig. 5. Nutrients(NH4-N, NOs-N, PO4-P) removal by free
ammonia concentrations

3 f 4= NADH-diaphorase?} FNH,-reductase® £
S}t Chiorellas TS = 31 AFo4] FNH,-
reductase’= ¢ Uo7} aiohshH w2 A v|EAd35) F
o] nitrate uptakeo]] AFHE YO 7|= Ao FE Hix nvE
QITHM. Losada et al., 1970; Carmelo Rigano and Umberto
Violante, 1973). H.t} 14| % © 2= molybdenumE &
ato] ghEola He] Moco AT T ek
Miguel R. Aguilar et al.(1991)of wt=2H, o2 24
I} vl sto] ¢rEUjolrt £ wf Moco levelo] A5}
Hol| Y5 Alet. o] w, Moco domain®] HA3HA| ¢F2
NADH-diaphorase &4~2] &2 vl %] &1}, Moco
domaing TR E 3= FNH,reductase A2 ZHAo|
£ Qb o MBAL AR BEL Rolt

. o= T

Microalgae
ANSEIEA opuAEEA

Nitrate - NO,” = NH;*
(nitrate reductase) (nitrite reductase)

Glutamine / glutamate synthetase +

Ammonium

Glutamine / glutamate synthetase

Fig. 6. Assimilation of nitrate and ammonium in algae

SE ghUelrt A% 42 olale] FER W
%W, FNHy-reductase®] EHJo| 3EE 1 ZAd AL
(nitrate) A H]= ThA] EEFSRIcH 2 Al
Z Yo (total ammonia)7} 4B E| AL 5 =7} WolR]
mA AARA A A(nitrate) 287} A|ZHEE AL Fo)

st kA YEeRd A32, 5% free ammonia

Aol A A 2 gka Ao A3zl veRd vhE, o
FAF F dmyol 9 Qo] A= 23]y 78t
Aok g g A, Qe 3 27 diAbe] o]gH o
2] sgo] FARSHA Yel= Zlo] dubHol), B
A Ayl 1%E FAR <8 g4 avle AdE 9l
A9k Fryjol AHl= oS w27 Y=k 2 &
A& FAZF M Y2 abEda] ghsks= proton

imbalance ¥ pH ®H3}Z <13l U HE o] (ammonium)
o] 40| ofat Az FZHrh

Free ammonia(NH;)= X840 2 o]& Alg]
W Ol &(NH)ET o]gE9 cell YWHE 47 3
He AEe etk "ebA vEe] s E F
73l iﬁﬂ“‘ NH;7} w2 A3z YR =E gHit
Sojerh. Fel4 pH W 2% 5o 2l
NH; : NH," &4 v]&0°] A== AAH A=z
E wbbIE QAT R HgS 47e)
shol, weld mlgEL o §UE NH
NHS el dlpo] Bae olRiA Bk
NH;= A @Fo] A5t H (a0l 2)E &
o|-&5HH A AJ3E QB O F proton imbalance(Fo]e &
F@)o] s Ak 0|2 <la) AE o] K7}
SRz ojFels ZF oi4d EF AojUrkHONG
LIN and DAVID RANDALL, 1991; Gallert C. et al.,
1998; Rajinikanth Rajagopal et al., 2013) (Fig. 7).

o]gE FUA AE el 2R =3 s,
A= AAE AU AE AGH R o] §5HA EH WA
QFmUols tef 2ujahA Hrk Eak 0] gEL oy
AE 2438 AlZ Aol o] &R Xt Evtd&

ro

M 2 4z o © ok > no

>

ol
¢ M £ lo i

e

o

2
P 2

720
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S
Proton imbalance
H+
+
NH; < NH3 NH,*
NH,*

Cell wall

4

Fig. 7. Free ammonia entering into the cell by diffusion and
occurrence of proton imbalance

4

[e)
njzck o] Aol AlaL 8o i o] 2% &
A2 7o) pH7L @ Ftof Hls| HRolx|A He=
o), o] ff FRass Fol YR dEE o] E3t
YRR 3t oSl ZHE 4 UTHPRIYA C
KADAM and DAVID R. BOONE, 1996; Baris Calli et

2005) Ammonium®] A3 Y] I} o]F o2 oJoF
27} vk o E] ok AT Uie] ]

]zl—o].ji A A A (nltrate)Q]- l:‘r,j,] olH & o]%
(ammonium)®] %2 & A Zo] £4S Z 4 9lrkT oF
#74 9ITHJUNE M NEVIN and CAROL J LOVATT,
1987).

TEEE F GRUOKNHAN)Z Qi AANON)
o] aH]E ERFdte] 1S, isE FA oA
Z QX1 ol (total ammonia) é\_lﬂ]7} WA w2 A 2
Psjglonz ojo] WSS WA Ad(itrate) 4
M B3 ASEO FA AART BEA] AZE
o|g % A4t Hi(nitrate) 2xH] SHOJA A[ZEO] A
A2 SRR, AAY Ao AA ol £
7 70 o3t Zol7l AR ek M. Losada et
al.(1970)7} 323t A+t Akl Zol, Jmx2 7o A%
NR(nitrate reductase)®] second step?l FNH,-reductase]
FHe AelHeln, el 44 42 olaiiA
M EH 2 3 gA4o] WEA IJEE] Aig A
Zx(nitrate) 5 AH|T 4= QU= A= WHEY| wfolch

019 AH|X free ammonia &7 7F AH|&E xjo|7}
3R] eFgkoy, %= FA 27¢ 12, 15 mg-P/L &4
oA &L=V} tha W2 ASE Hol Chlorella vulgaris

o

sEale o 2o, 4Ao] AgelE R4 A

ook

ESIE IR

IE

4.4 =
B ATANE npel dale BhE

o] mARRE AEst= 3
webekarl, 2 #Hg Ao wAlx
AE, I 7ked #Ha=9 8 EA4Q i1s% free
ammonia©]| 93t FFS F7IsHAATh

A+ 23} free ammonia 12 mg-N/L ©]AF9] sk of
A oM ZF Chlorella vulgaris®] 47 U BkA 4H|
A3 7} 2HA83}H, autotrophic X heterotrophic 7] 2}o]
BT Qg W A0 Ueth el & oy
= A 2 B 71E AAYE tEA 1L
lg—E free ammonia S+ oA o W2A AYPE g om,
o= mA|ZF YH 29 free ammonia SHAFO 2 Q15|
WA S]= proton imbalance ¥ ammonium I}T} =2 9]
Ate AbRECE B3 5 7HA] @4 27 Alx A
4o A o m Aga]E s,

Z3tA 02 Culgaris7} 12 mg-N/L 0|49 1%
free ammonia®] =2 A] A4 9 2] AuH|7} 2}0%
5 Z7SHAA, ol AAR 2RI} o83t B
S o Ao o o 4 o
g oA Ao ekt ol4e] AnEyE 12
mg-N/L ©]A}9] free ammonia(-3-2] U ohE HG-3t
Ha Ao nARRE ALY A, A7HoRE 27
A FA 2 Ao EAZE sk @5 27
APER QIS A4, Q19 WEo] %

whepA] o =2 JUH vEE @%5& 4= A 2]
of MAZFE A&t %’“ﬂ% AA SR} S o, ek
of 3]4 Aoy} 2= 9 pHE 2Hdt= RS F
5lo] free ammonias g ol 2 WE a7} 9l
th 53] A 9 oA AHAke] A o= Ol%ﬂ
= Chlorella vulgaris® 73%-, A4 fr

12 mgNL njgkel Aow s,

¢

1:18

0.

R BEsolE A 71T IRl N
72 olgT 2dshd A U 2FALA 718
aprol alzlo 2 2w 97| o ZHAFE w3l
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