creative
ommon

cCcCoOoMMO NS D EE D

MNETHEA-HIEeEl 2.0 (&=

MNETEAl Fots BNMEHKNE HAIGHHOF ELICH

Hlgel. #ot= 0l M&=

1o
0Q
(]
I
JA
0
Hu
o
0
o
1>
%0
o>
-
o

MEAYH T2 0l2Xt2 Aels 212 WE0l 26t &S 2X FSLICH

0lX 2 0l Ed = 772 (Legal Code)S OloiolI| &Ml kst 23 LI CY.

Disclaimer |:|._'|

Collection



http://creativecommons.org/licenses/by-nc/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc/2.0/kr/

FEHAAL SR

T

ILEAFT HAYP S o] &3
A U Q4 o] AN TlE AN
Development of Hydroponic Phosphate
Sensing Technology using Cobalt Electrodes

and Colorimetric Method

20204 24

Agdista vshe
Aho] QA1 ZE - AATE Hho] QA LHFHAF

@3 =



ks

o] &

BEATIH WA RS

=

Development of Hydroponic Phosphate

Sensing Technology using Cobalt Electrodes

and Colorimetric Method

¢+

% =,

7on

g3k Fhstel

71 0]

b, o= dA F

s

fvze]

_Zr!

S

(EO)=

b
b

3

S

HA o] 2] A7

7h

W pH o we} o

ol
ok

oo



~] %o .
! X Bl uy T o) — -
— ~ X o —_
X Irome b nr m_ T OB o o Mmoo N
3% T ok TH ol Gl BL ~K - N o o HW T X -
e ’ = o N g Mmoo BE ©oR o T
) ,DI o E A EE —_ o I EE " LE ,q_OI o0 B3 J 1* N HDI OO
op BV o © ~ Jo o No "o woox %o c ay
Holgmﬁ%ﬂmnoﬁﬁuw%n@mﬂ%ﬂ o T GO
A mo o= i w0 W ay T - o E < Hm Mo zﬂ
< e B o oy Jm%E%ﬂmwu%%ﬂym;o_%q
e [n70) JEIL O_ Lf ‘H_OI bo i o Y O_l ~— Cn_ (o) m ,HL m
T o oo o XWX T 0 B oo 50 < Ho X o 5 5 -
N ar L FOR oS o B g F : oo = WOE £l
o oy Hy wrm S ERSE X Domod - o mi
TG A - v Boxox M ron o= oo
T N W oy I T P g T FET
T do ® oW T T Y oo Wox @I N T
o) . — = Nr X w o gl ]
I S S e E oyt E S RSP o B or do
_— o nze) _ i X X
ma%%%m_m%ﬂ%ﬂmmﬂﬂgﬁaewﬂmz_ﬁa
4oy B e R o= I o= 2 T o ox oo 2 = o
W T T OE R T W o oom T S wom E B A i of N
TR SN e 2 S kP E R OET
e P o T g & 3 = e P
T i foom T o B WO eom BT
") = = VA o} Mmoo X oo e = O
X o 5 o JJ ol ) :i B T = X o
i o o= — wo 5 - T ATy 2 =] o
- Ty Nr,._ 3K ° mr.#:#._ ol re © Wrw A.OW 5 ~ o H - N ;Iorﬂ o o) e
S oaom T oo o= TR E ERC Gy el oy T PR
o) = ° N oo~ N o ® W < L o 0
) X <X E..M . HO e H ool J:Alﬁl OF._ EE %0
— o < ~ X 9]
@yﬂo,_gﬂngoﬂlo%% %@%%@g@g%@_
do B U am XX = o P o X AR o — o O °
d S odo W s N s T o= < NIRRT z
5 o 7 R L T Yoo T x
Lo X O# v T =T = ~ Moo~ A o T = N
~ ) fan El ,.ml | = ity N E..M OM —_ ~ _ 0
‘_.&: O#l o - Of 0 -l
< T Ho B T T Ar A
d o oo Nr ™ q M

10.17 mg/L

-

L.

#AF T 22HRMSE)

[}

]

RyZ

AR 0.969F

al

s
(e}



o

B

vz

X
Ar

K

o

11°

1

&l

; 1_'_”

w
",
T

i

~ A -



u:ln

ISt OF FogUL @S ettt e e e e e

v

LISt O TableS cuniiiiiie il

T I e

1.1

1.2 A+ &

N

~

;OL
alg

.11

0

™
G

11

.14

N
ol

<

0

!

oo

el
TR

=z

2.2

.. 16

£
jind

K
™

16

0

—_—

o
JJo

ze]

rvzel

X
A
=

—_—

0

Gt

=

—_

o
|

acil

3.1

...16

gl
~X

r

.

w
Ay

"

o}

=<
0

o}
o

oy
00

3.1.1

20

B

3.1.2

Calibration model 7R3

3.1.3

.23

el

25

B
Jo

0

rvzel

X
Ar

.. 25

27

=
;ﬁ
ofo
"
7K
TH

T3}

rvzel

s

24

3.2.2

.29

o

ofp

Ar

2d .29



.31

.31

_ZTI

.31

JJo

4.1.1

.38

Jo

.42

pyl
ool

JJo
70

hin
=)

X
il

™

4.2

.42

Ar

4.2.1

.46

23 “gatet o w

4.2.2

.49

...08

)
p
=K

o

.61

)
al7

KR

11°

1

&l

: 1_'_”

w
T

L
i



List of Figures

Figure 2.1 Distribution of phosphate ions depending in pH level

(LANASAY, 1979 e 11

Figure 2.2 Response mechanism for the detection PO4 using

cobalt electrode ...o.vviiiiiii 12

Figure 3.1 Views of the full device for detecting absorbance

peak of phosphate ion nutrient solutions samples............. 19

Figure 3.2 Views of stirring nutrient solution using magnetic

SHITEr IN thiS STUAY «eeeiieei ettt 24

Figure 3.3 View of the cobalt electrodes (a), and the diagram of

the cobalt electrode (B) ..oovviiee i 25

Figure 3.4 Schematic diagram of two-point normalization

METNOA e 28

Figure 4.1 The absorbance spectrum of Hoagland base nutrient

SOIULTIONS it 32
Figure 4.2 Optimal wavelength selection derived by VIP ........ 34

Figure 4.3 Calibration plot for colorimetric method in 790 nm of

absorbance response PO4 concentration ...co.ceeeeeeeeeeeneennn.. 35

Figure 4.4 Calibration plot for colorimetric method in 790 nm of



absorbance response PO4 concentration....c...cceeeeeeeennnn... 36

Figure 4.5 Comparison between PO4 concentrations determined

by standard analysis results and colorimetric method...... 37

Figure 4.6 Comparison between absorbance determined by

Iminutes interval time and 2minutes interval using stirrer

Figure 4.7 Comparison between PO4 concentrations determined

by standard analysis results and 6, 8, 10, 12 minutes stirring

Figure 4.8 Response of three cobalt electrodes to different PO4

CONCENTration IN tIMIE c.uuuiiveiiiieeiie e 43

Figure 4.9 Calibration plot for relating cobalt electrodes

response to PO4 concentration...........cceeveeiveieeeiiiieeeeiiinnns 44

Figure 4.10 Comparison between PO4 concentrations
determined by standard analysis results and cobalt

L C IO S it 45

Figure 4.11 Response of three cobalt electrodes in low & high

normalization SOIULIONS .....iiieiiii e, 47

Figure 4.12 Comparison between PO4 concentrations
determined by standard analysis results and cobalt

electrodes from two-point normalization........ccceeeeuueeeunn..n. 48

Figure 4.13 Relationships between P04 determined by MLR

calibration model and standard analysiS .....ccoeeveeveeneeennnnnn. 50



Figure 4.14 Relationships between PO4 in unknown samples

determined by MLR model and standard analysis. ............. 51

Figure 4.15 Relationships between PO4 determined by MLR
using two-—normalization calibration model and standard

A ALY SIS ettt 52

Figure 4.16 Relationships between PO4 in unknown samples
determined by MLR using two-point normalization model

and standard analy SIS cuu et 53

Figure 4.17 Comparison of residuals analysis results for single
colorimetric method (a), single cobalt electrode (b), MLR

fusion Method (C) vovvveeeeee e 55

Figure 5.1 Schematic of fusion based phosphate monitoring

SV SEITL 1ttt ettt ettt e e aaaas 60



List of Tables

Table 3.1 Chemical components of Hoagland nutrient solution

Table 3.2 Phosphate ion concentrations of 24 samples analyzed

via 10N ChromatOraDhY cuu et 17

Table 3.3 Settings condition of spectrometer to measure

SPECEIUNT AATA . eu e iiniittee ettt e eaaes 18

Table 4.1 PLS performance analysis results for various

preprocessing methods applied to the colorimetric spectrum

Table 4.2 Comparison results using stirrer to measure POy

concentrations by colorimetric and standard analysis ...... 40

Table 4.3 Comparison results in single and fusion methods in

LIS STUAY ittt 56



o7

1.1

ol

A=

9

A8k7] £

o
il
Ho
o}

<

!

7ol

Qlek. $-eluhet

=K

o

)

Ho
o}

<

o]&5= <l

ol
oh

245 Aol

.

100 mg/L& fAska, Hj

o}

23!

o
AL
00

=y

e edeld sl

S

Nr

14
Ho
o}
o

o
oR

A5 Al A}

(EC)

W
H
X

A oleel 4]

1
1

g, @A =5 A

3

e

g 7ol

—_
o

Ar
il

)
~

<
ol

g

%ol

oA
14 =42 )

A
=
F7be] A7) w]go]

17} gt 22 A A

thels

=z 2

o]

d
MK

NE
K

AAe 2

Q)
=

a7 o

A s

3

AP B E A%

|

/;jo

il
ol

HL

N
</

X
i

alg



T7F & E o

(NOs), Z& (K) 18]l

}

ek,

S
|

4

o

[e)

T

=

—

&9
A3 A

1

0]
pad

=

=3}
Zrg (Ca) 37FA] o=l

2 9
(Pl

o] pH o we} el 741 Fuel

g

KeNeN
T

]

o

}1\_]__

]

o

]

S

il

ox

™

o2 BC gl el

1

1

7

=

Q=

)

—~
file)

747

=

=
=

l
=

-

o]
o|F4ole (HoPO,) FH7F AA

ol ool

o} (Islam et al. 2016).

1

°
R

o] EA3

J|(ionophore) 9] 7ol o]el9 wWH ¥ ¢l(membrane) 3 Hj

o] A M= (lon-selective electrode, ISE), B] A
A

SR=:
=

o
e

I
~
file)

7172 (Electro Motive Force, EMF)& %3}



Ad Al

A7 ey,

(e}
S

HA gk A7 dvkJung

S

ol =, Iuloll= AA

5_]:

et al., 2019; Kim et al., 2011, 2007). ©] &

2l

—

;OL
.EH

)

ahel Ve

Aope 7}

w2

|

s gl

]

L A

¥ Z2 B dl(Molybdenum blue) A]2F&

%

-
T

—_
o

jruze]

Ar
]

o] 7}4 dg] 2o k(Nagul et al. 2015). g H.d)

H
=

she

A8

—_
file)

Al
oj

A7

3}tH(Karadag et

17 Ba

<
Ny

iy
o

HAE

al. 2018; Pu et al. 2014).

A7k

= O
=2 =

ol 744 g

A=

9]

(0 — 10mg/L)

ke
T

|2 5% A7 ¢

1A} o

(e}

)
B

=48

“goll

=
=

S %(30 - 100mg/L)



X
_Zr'

_Zr!

ks
pid

1.

o]%

}

A

]

8 AT Ayl Baw 6y gk wea], ©

-~
HO

o
o

N

)
ox
¢+
ol
ﬂo
.z:l

il

ksl
pud

o] A= ofoF Fht,

H
H



1.2 9 54

o

of

d 2 BAo] gl ]

el

Al
=K
o
o
el

puzel

sy
-

—_
o

Al &)
T

o ¥

1)

X
N

il
=
<]

%
oF

o

X
N

ﬁo

JJo

el

vzel
N
Cn

.

o

o
Hr
o
o
Mo
Ny



woT o o B S e W qowm oo N

p Joeo® S s F CRRRUNEC T

- < 0x NI E 2, Jxm T = oy < ok

B oM R M Z s o U A

= o| ) Ho B = % Ho e w#m % L

in _E

Pwmog g g P T oo

ﬂ- 5.0 N 0 %0 < Oﬁ 0 uv_l meo ﬁ.‘_ ﬂA_l

= & TR L o - @' H

G - " 5 | -3

M %o - NJ = X ©° E_ ww

- oo w0 ~ o Hox

N I TRy G

oW o = R o 55 FE

R o = D o 9P T Pox

—_— — LJW Jﬂ.wl = <

H w o Y o0 S nH 0% H,lyrl ht —

BT o Box 2 o o m o5 3

o w TS £ x . 0z O ox W

il S AR ) 3 >

o o o WoI e o 2 o) = mm =

R Bk % o

= B o ¥ ox % 7 H By

_ S N~ ! =
~ VL o .mlA ny oK © ol % i o~ 3R
Z 1* < o O# —_ o —_ e ~— ~ N —
o~ ) e I~ N X R 0 = — o
] < Gie Y Y
) W i o :i = — o w;O m E._ = o
S EE S dE L&Y Eoaw W
r O L - I R T - B z hﬁ o% o
3. ® ® N T mowogowx 5 og X 0w
— LR R SR R B oowpo< e

ISEE ©] &3}
ISE "Bzl

k.

[e)
O

=

B

o
°

o

=
pu

A

T

o

=
=0
[¢}

s’d

NO3, K o]& =4

T3 Kim (2006)
2419 7}
Lee (2009)

R

-

]_

O~
=

°



0
i:l
el

Aol = 9]

bohs

ks
pul

2l

=
L

A eFo]

)
=
To

Al

F7lell = tha ol %ol
Kim (2011) &

<]

—_
fite)

puze]

o
TH

<]

)

—_
fite)

i)
™

i

T

-

olgfal Hal

I

A tepaL, of

=

AL

at3A71 o

¢}

Mol e oz

o ox

oA EME gke] zte]7} 24

AR

]_

Njo

Jung (2019) 5

-
T

73 kg5t A7)

=]
S

He Asez A

N

RYA
a1l

Aol AT AA 2= Aol ol &F =

ok

o] TN TEES

oy

o

0

ﬂl

03

B

22

N E

|

A
i

i

o %) 31

]
=

oA AA o, AN e 7wt

she

= & el pH o mEpA ol 7HA dE= =4

ol



s 7l

o] =

Heo

Murphy ¢} Riley (1962) 7}

=

—_
file)

o
o

B

Ar
]

——
fife)

o
eI
i

AZF Aok, E3E o]

3

IZdRil

S

oA AbE-

&

L

7] el

Fo7F 2" (slam %,

R

2016).

= o

o A Ascorbic acid

=1
o

Ganesh
3

gl

A+

=
=

&3} hydrazine sulfate

o
RS

]

Z O
==

ol 4

Al

KM

sto] the of

(2015)=

=
[€)

Moonrungsee

o

A

il
B

A

B
—_
file)

0
o

| 557 30 mg/L wRF o ARk

(e]

}1\1_

ol

oA u}

_EH

e},

at7]ell= ol elwol =4

ERR



22 ©] A (VNIR, Visible and

o

}= v B TH(VNIR R? = 0.7, Cobalt electrode

°©

&l P, K o]

[e)

T

AN AR A

S A

1

0.
H

La 5(2016)
249 3) A (PLSR, Partial least square regression) H ©]H

Near-infrared) ¥}

o

=

3
HH
el
0

o

g

S %
| SN

R? = 0.88, Fusion R = 0.9) ¢ *=

i)
=
el
vzel

.zrl

o)
HH

o

2o}

le] ISE ©5 ARg R

S

to] =43 A3 eH(R? = 0.58 ~ 0.66),

°

[e)
L

&

],
ZS NIR 2 (904 — 1700 nm, R?

(2019)
A

L=
o

KN
=

L
=

4

Jung
Rl

E

7!

=

i

3k A3}

0.64)2 =4

Al
=

0.907}#] 8+&5A1A IWE A=F3 NIR & <

g Zdy} PC-NN el o] &

il

7} VNIR(350 -

R ol A



2500nm) ¥ NIR(904 - 1700nm) AAe] ~HAEZH Ho|HE =

A

il

A=

‘EH
off, AAl Aul Gl e] A v o

o)
=

el

1|
~

T Utk wEbA,

)

10



2.1 FHE A9 QA o] 7HA
FUrETL Qlabe] EAsE ole o]& ey Fo H,PO, 9 ME
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Figure 2.1 Distribution of phosphate ions depending in pH level
(Lindsay, 1979)
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2C00 + 2H,0 = 2Co0 + 4H* + 4e~
0, +4H* + 4e~ = 2H,0

20+ 0, & 2C00 —mmmm———————- Eq. (2-1)

2C0 + 2H,0 = 2C00 + 4H"* , de-
2Co + 0, <> 2C00

|

Figure 2.2 Response mechanism for the detection PO4 using cobalt
electrode
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2ol W3EA =4, Meruva ¢F Meyerhoff (1996)+= o}&j

1
¢} & KHP(Potassium Hydrogen phthalate) buffer &8-S A&

pH 4.0 €94 KHP 0.025 M & A}&3F A9

3Co0 + 2H2PO4T + 2H+ d C03(P04)2 + 3H20 - Eq (2_2)

12



pH 8.0 &9o] HEPPS & Alg3t 79

3C00 + 2HPO; + 2H,0 © Co3(PO,), + 40H™ ---- Eq. (2-3)
pH 11.0 &9¢l] CAPS & A&+ 729

3C00 + 2P03™ + 2H,0  Co3(P0,), + 60H™ ---- Eq. (2-4)

A4 o] 2 WH (buffer) & AFESHA] o™, QA AQl o] & H
of FA7F oAF7] wiiell, A4k o] <] W gMoz ezl KHP
0.025M & Ap&gtt), wgh ZEo] 438 4 e HoPOs 9o 3
B2

gt o= KHP buffer &9 AFgo2 Mg AQ w% Fk 5740l

b,

@ 5 o) i, F89 FeA olee FEE 27
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PO3™ + 12Mo02™ + 27H™ —» H3P0,(M005);, + 12H,0
Eq. (2-5)

H3PMo(VI)1,04 + Reductant — [HPMo(VI)gMo(V)4040]3~
Eq. (2-6)

e 2ot
Reagents

(D Sulfuric Acid (6N) 75 ml

(2) Potassium antimonyl tartrate 0.1372 g in 50ml : 7.5
ml
(3) Ammonium molybdate 2g in 50ml : 22.5 ml

(4) Ascorbic acid 0.88g in 50ml : 45ml

14
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Table 3.1 Chemical components of Hoagland nutrient solution

cocnhsetir?lj(;ilts Final concentration (mg/L.)
Ca(NO3)2-4H20 1180
A Fe-EDTA 38.4
NHiNO3 80
KH2PO4 0
Mg(NO3)2-6H20 512.8
K>SO, 348
B HzBO3 2.86
MnSO4-5H20 2.11
ZnS0O4-7H20 0.22
CuS045H20 0.08
Na:MoO4-2H20 0.03

Table 3.2 Phosphate ion concentrations of 24 samples analyzed via ion

chromatography
No. Concentrations(mg/L) No. Concentrations(mg/L) Sample &3
1 11.8 13 200
2 16.6 14 26.7
3 22.2 15 33.6
4 31.3 16 62.9
5 42.3 17 50.5 Hoagland A% el
6 50.5 18 98.6 Hoagland ¢} A%
7 78.1 19 78.5 ofuta7] wpd gy
8 86.7 20 180 Hoagland %9} A%
9 85.4 21 22.6 AR EvhE gl
10 123.9 22 32.4 Hoagland A% %)
11 160 23 42.4 Hoagland %% %)
12 95.8 24 114.3 IRtk sEEgl g

17



1962)°14 880 nm ¥ thH el FF%= peak #o= FEE <
&tl7] Wl 7Hgd g ddsks g9 2Hds 2k
450 - 1100 nm 9 ~HAEYH A& o] gsigltt. E37h §2 a3
ol A dHolE S al AH8¥ FY == Halogen lamp(LS-1

Ocean Optics, USA) & AF&3slSlal, o] FHozHE Yo S

O
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(@)
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,_]
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Ar
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Table 3.3 Settings condition of spectrometer to measure spectrum data

Integration
time(ms) Average Boxcar
USB 4000 2000 1 5
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Sample solution

Halogen lamp __
1450~ 1100 Nm

Wavelength (nm)

Figure 3.1 Views of the full device for detecting absorbance peak of
phosphate ion nutrient solutions samples
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A ER] A4S 93 i wA 3 dHE PLSR 7IWES ARE
319 2 (Haaland ¢} Thomas, 1988), %<l Ui o] FEo W
slo 71g & #AAE JEhYE 3§ Jle] 3ol uigk Calibration

=

model & 7Est7]o kA BHE AFERLS AA

(e3

¢

SA 71719 Ay dHo2HYH FYHE wol=2E AASI Akek

o &abE WAL SATh 2 ATl Hed AXel: F 4

THA R, ~FEZ] oS AL EE AES wASH] $siA
MSC(Multiplicative scatter correction, thak ek n A o

SNV(Standard normal variate, ¥+=747F3}), #]al Savitzky-
Golay 12t 22} W& A2 e dAe] 7oz A&siglom,
2~HAEY A £ Eo]2% Matlab R2016a (MathWorks, Natick,
USA) 7} o] &= ek dA 2 B T HA 9 dAg Wy e
BE 97 vehve 239 Aes Hrtske A5 AAE S

o] 2433l

20



3.1.3 Calibration model 7J¥& 93 Fa I}
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o] Tk Wslel] JFE vA=AE Gotrr] SN F E A
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Figure 3.2 Views of stirring nutrient solution using magnetic stirrer in
this study
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Figure 3.3 View of the cobalt electrodes (a), and the diagram of the
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25

M E gk

el
 S—



o]%, IUE {WAS 3FFY AnA (100, 400, 1500 grit) &=
AR S Avke ¥, Sl 202w/t AU
F7F2 KHP 0.025M ©f 2083t Ao d-S 7&ste] 3719 ILE
AFE ARGk ZLE A5S AREste] g o Ak o] &S
SA43L7] i A8 A (Kim et al, 2007; Kim et al, 2011)°1 A4
Wi wpel o] FH MZo s fstd, ME AE pH
£ 4 ~ 4.5 Aol grHFHoF star, o]E fl@iA = KHP 0.025M
buffer & pHZxZo] ZR3}lt} Table 3.2 o] Ve dAA| o M=
18 mlel KHP 0.25M 2mlS ¥o] KHP 0.025M 9] 5 EZ %30 =

4 ARe) Agsts APstArh QA G BEe) U@ S L

flo
w
rE

e

stgon, olel Aol dele F4o] 7bs# Data-logger(LXI-
34972A, Agilent, USA) & o]&3to] 2Hze A& £ =2 HolH
g st

26



H}

SRR

U

al

3

= o
| .

A

S

Hho} o] 27

1

°©
pul

8§ S
A drift 7} A3

0

]

-

=
T

o

3.2.2 24 A3} H

= oS A Aol A

A NO3~, K zzg]aL Ca*" ¢ 37}A o] tf
G HKim et al, 2007; Kim et al, 2011; Jung et al, 2015). u}zpA], 2

R

7}

S HAGer & Ha

A3t =2 drift

27

R

—_—
o

0

Ar
il
w
Nl
2

|
—_

il

o
HE

£l

AT8E s
4t}

3l
=

4 whet 2

= AAE 5 UHEaq. (3-2 ~ 3-4).

=

S &f3te] AFEs 205.2 mg/L, 1L
27

L

AN 3z
A

|

=y

ot
o

2001.1mg/L 7} A& % At}

-

5} Al, Hoagland base ©l
TLEE

°©



Modified sensitivity X5 Ys,)
plus offset compensation -

\

EMF(mV)

Modified sensitivity

& --p-mmmmmmmde o
A S (X5, Y20
A
Original sensitivity
@ Cm e _____
X4, Y1o) -

Site-Specific Calibration

Concentration (mgIL)'

Figure 3.4 Schematic diagram of two—point normalization method
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Figure 4.1 The absorbance spectrum of Hoagland base nutrient
solutions
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Table 4.1 PLS performance analysis results for various preprocessing
methods applied to the colorimetric spectrum data

Preproces Calibration Validation Test
sing RMSEC RMSEV RMSE
Rc? Ry? R?
Method (mg/L) (mg/L) (mg/L)
Raw data 0.91 18.86 0.92 26.84 0.78 25.86
MSC 0.85 21.26 0.91 28.25 0.58 29.18
SNV 0.92 8.94 0.89 26.16 0.15 46.43
st
0.94 10.89 0.58 52.93 0.44 38.54
derivate
2nd
0.90 14.48 0.33 61.73 0.15 44.64
derivate

we}A], Raw data ¢ SH% Uo]EE o] &3t HAe Hge

Zrol 9131, 450 -1100 nm o] A ~HAER oA 4 | <

Aol TR FAd Mg #ATE A= HAY ddE 2] S8

A VIPE A8 A3E obgl ¥ 4.2 o YEldT dA 9

A T 7FE =2 s e = 790 nmE WAL
7

90 nm IFUE Mg x oz A8
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Figure 4.2 Optimal wavelength selection derived by VIP
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Figure 4.3 Calibration plot for colorimetric method in 790 nm of
absorbance response PO4 concentration
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Figure 4.4 Calibration plot for colorimetric method in 790 nm of
absorbance response PO4 concentration
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Actual concentration of PO4(mg/L)
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| 31.3 mg/L

28.5 mg/L
16.6 mg/L
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Figure 4.6 Comparison between absorbance determined by 1minutes
interval time and 2minutes interval using stirrer

Y= vl AaeA] oF 6-8 & Apolel AE Folal, olF E
= 6,8, 10, 123 470 A F3 == calibration 45 W&
a1, o] 871 Al HAAIE S Al o] o F Aol dis] F<l
Hch ¥ 4.1% 6, 8, 10, 12 & g 1w A5y o5 B
2 AL FEE 58 A3E vasgit) 8 107 e =
9 A¥RZE R = 091 2 Y 393, RMSE & 8%°] 15.06
mg/L, 10%°] 15.37 mg/L = YEsth. AA 59 o] we
4ol Hg3t7] A& wRk7|E S8 Al A oR wAAR
g 545t ASAIHAN, 88 1087 wiks g 7h7te] 4
H7b H=s des AYE A & 5 AT 289wk AzE A
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fFolm sl e Holx FEsplar, T3k a9 4.7 oA A7 1:1 H
. Aol 19 7S slope < 10% dlolEoA & 4= Q7]
o]

ol o] % dst= Fd RS 1081 S s volHE

Table 4.2 Comparison results using stirrer to measure POy
concentrations by colorimetric and standard analysis

6min 8min 10min 12min
Calibration @Y =0.475x Y=0.469x Y=0462x Y=0.478
equation + 0.665 + 0.742 + 0.746 x + 0.812
R? 0.98 0.96 0.94 0.91
11 equation Y=1237x Y=0912x Y=0971x Y=0.591
+ 8.134 + 5.275 + 4.649 X+ 4.112
R? 0.90 0.91 0.91 0.90
35.35
RMSE 35.02 mg/L.  15.06 mg/L.  15.37 mg/L
mg/L
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Figure 4.7 Comparison between PO4 concentrations determined by

standard analysis results and 6, 8, 10, 12 minutes stirring
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Figure 4.8 Response of three cobalt electrodes to different PO4
concentration in time
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Abstract

Development of Hydroponic Phosphate
Sensing Technology using Cobalt Electrodes

and Colorimetric Method

Han, Heelo
Department of Biosystems Engineering
The Graduate School

Seoul National University

[t is important to maintain the proper concentration of phosphate
ion in hydroponic nutrient solutions because phosphate ion is one
of the important growth factors for crop growth, which is directly
relating to pollination and flowering. Current hydroponic systems
usually measure electrical conductivity (EC) of nutrient solutions,
which is related to the total sum of ions in nutrient solutions.
However, EC proportionally decreases or increases according to
all ionic components, thereby limiting the precise management of
nutrient ions that are differently affected by the crop growth.
Particularly, it is needed to develop an accurate and precise
phosphate ion measurement technology that can be applied to the
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nutrient solution because phosphate has a variety of ionic forms
depending on the pH in the solution and there is no commercial
sensing material that can selectively react with phosphate ions in

nutrient solutions.

In previous studies, phosphate measurement using the cobalt
electrode showed the possibility of measurement in a wide
concentration range. However, the EMF of the electrode was
unstable at the concentration of about 50 mg/L, resulting in poor
measurement  performance. Colorimetric  method  using
molybdenum measured the low concentration of phosphate ions,
but showed a low sensitivity in a relatively high concentration
range. In this study, we developed a phosphate ion sensing
technology that can be used to measure the phosphate ions in
actual nutrient solutions. The measurement performances of the
colorimetric method and cobalt electrode method were evaluated
respectively, then a fusion model based on the two methods was
developed wusing a multi linear regression (MLR). The
predictability of the fusion model for phosphate ion concentrations
in nutrient solutions, several unknown nutrient solutions were
sampled and measured. Specifically, the colorimetric method was
applied to the samples with the range of O — 200 mg/L of
phosphate ions, which were prepared based on the Hoagland’s

composition. Then, an optimal wavelength for predicting the
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concentration of phosphate ions in nutrient solutions was
investigated using a spectrometer with the spectrum range of
VIS-NIR (450 — 1100 nm). After the determination of the optimal
wavelength, the predicted phosphate concentrations based on the
colorimetric method showed a linear relationship with a coefficient
of determination (R?) of 0.89 and a root mean square error (RMSE)
of 20 mg/L for the actual phosphate concentrations of nutrient
solution samples. In case of the cobalt electrode based
measurements with the two—point normalization, it showed a R? of
0.93 and a RMSE of 13.0 mg/L. Compared to the conventional
methods, the fusion model showed the improved predictability
with a R? of 0.96 and a RMSE of 10.17 mg/L. The results showed
the phosphate ion management in nutrient solutions can be
performed more precisely by developing an on—site measurement
system with the fusion model. Through the precise management
of the phosphate ions in nutrient solutions, it would be possible to

improve crop growth and productivity.

keywords : Nutrient solutions, Phosphate, Colorimetric,
Cobalt electrode, Fusion
Student Number : 2018-29165
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