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SUMMARY
(FELFE)

[. Title

Development of a portable on-chip-based analysis system for simultaneous real-time

measurement of hydroponic macronutrients

II. Goals and significance

To meet an increased demand for high quality and safe agricultural products, hydroponics,
known as a soilless farming, has been considered to be an effective cultivation method in
modern farming because the method can allow the efficient use of nutrients in growing
plants in an automatically controlled-greenhouse. The need for protection and conservation of
the environment requires the use of a closed system in hydroponic cultivation that can reuse
nutrients and water while recirculating the nutrient solution. Automated sensing of nutrients
in hydroponic solution would allow more efficient management of nutrients for crop growth.
Currently, the commonly used automatic nutrient control systems are based on the
measurement of EC and pH in the nutrient solution. Such a EC-control technique has a
difficulty in managing the concentration of individual ions in the solution that feeds plants,
thereby resulting in a high increase in total concentration of most of the nutrients and an
imbalance of the nutrient salts. With recent advances in MEMS(Micro-Electro-Mechanical
Systems) and micro fluid technology, current use of micro-chip based sensors provides the
ability to detect various ions in blood and water because of their small size, rapid response,
and ability to directly measure the analyte. Control of the concentration of individual ions in
the solution that feeds plants in a greenhouse is feasible when a nutrient analyzer with
ion-selective sensors is available to be used by growers on a practical scale.

The overall objectives of this study were 1) to investigate the applicability of
ion-selective electrodes (ISEs) and ion-selective field effect transistors (ISFETs) based on
various ion-selective membranes 2) to develop a portable on-chip-based analyzer and a dose
program for nutrient supply that can be employed in an on-site nutrient management system

based on automatic nutrient analysis.

[II. Contents and scope

(O The goal of the research team I was to develop sensing techniques to detect



macronutrients in hydroponic solutions based on ISE and ISFET technology. For this,
during the 1% year of research, various ion-selective membranes for nitrate, potassium,
calcium, and magnesium and a cobalt-rod metal for phosphate were evaluated using an
automated test stand with respect to their sensitivity and selectivity in standard solutions
to identify combinations of sensing elements for hydroponic macronutrients. During the
2" year, the electric circuits for conditioning and collecting signals from ISE and ISFET
sensors were developed and the sensing characteristics of the ISFETs fabricated by the
research team Il were characterized. During the 3™ year, the ISEs and ISFETSs fabricated
were tested with real hydroponic samples and a portable nutrient analyzer consisting of
ISEs and a home-made data collection system was developed and tested with other two
cooperative teams using hydroponic samples having a range of concentrations.

(O The research team II conducted research on the effect of nutrient control type (EC vs.
individual ions) on plant growth and the nutrient uptake of plants over time by
monitoring changes in various nutrients in hydroponic solution over time while growing
paprika plants during the total period of research. Also, a fertilizer dose program for
managing individual nutrient ions was developed which could be used in conjunction with
the portable nutrient analyzer developed in this study.

O During the 1% year of reserach, the research team III designed and fabricated a
multi-ISFET chip suitable for use with ion-selective membranes for hydroponic nutrients.
For use with the ISFET, during the 2" year, a FIA(Flow Injection Analysis) system was
built using a micro-pump and micro-valves. A flow cell was newly designed to attach the
ISFET to the FIA system. Algorithms to operate the FIA system and the portable analyzer

were developed.

[V. Results

O Optimum sensing elements based on PVC ion-selective membranes and cobalt material
for sensing NOs, K, Ca, and PO, were identified through the sensitivity and selectivity
tests using an automated test stand. Further studies on the identification of a magnesium
ion-selective membrane that shows a sensitive response to magnesium in the presence of
calcium were needed.

(O The ISE array consisting of the nitrate and potassium ion-selective membranes when
using the automated test stand measured NOs;-N and K ions in hydroponic solutions with
significantly linear relationships between the amounts determined by the ISEs and
standard analyzers (R® = 0.85). Further studies on the difference in sensitivity in

hydroponic samples were needed to improve the predictive ability of the ISE array. Also,

_10_



more research on Ca ISE to effectively measure calcium ions in the presence of other

ions in hydroponic solution was needed.

O For use with the ISFET, a FIA system consisting of a micro-pump, micro-valves, and a

<

flow cell was successfully built. However, the performance tests were not performed due
to a problem of the ISFET fabricated in this study with a big current leakage across the
silicon substrate due to a failure in the insulation process between individual source and
drain channels.

The use of the prototype ISE-based portable nutrient analyzer proved to be feasible in
measuring nitrate-N and potassium ions in paprika hydroponic solution with almost 1:1
relationships and high coefficients of determination (R? > 0.85) between the levels of
nitrate-N and potassium obtained with the ISEs and standard analytical instruments.
However, to obtain consistently good results with the prototype analzyer, an automated
measurement technique was needed due to potential drifts of the ISEs observed over a

period of time.

. Research outcomes and utilization plans

Optimum sensing elements for selectively measuring NO3-N, K, and PO4 were determined.
Using the identified sensing elements, a prototype nutrient analyzer was successfully
constructed which consists ISEs, electric circuits to collect electric signals from the ISEs
and software to operate the system. More work is planned to achieve the stability and

robustness of the prototype system.

Since two patents on the ion-selective membranes and automated test stand have already
been applied, work on the patent registration is planned. For near future, application for

one more patent related to the prototype nutrient analyzer is planned.

O Two papers on the measurement of NO3-N and K, and PO4 in hydroponic solution

obtained with the automated test stand were published in domestic journals. A manuscript
to report the results on the simultaneous analysis of NO3-N nad K in hydroponic solution

is being prepared to submit it to an international journal.
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A1E SES ¥ FFE FARENE AN

1 oleddy AXEAL A

Oh ZAEde] A B A=

AAHNOy, ZFK),

ZaCa)st vtiavlsMg) ol2< HAEsH] A AAEd=A 1EA

(PVC) A A A “Hmatrix membrane) e <] o]&X el A9t (jon selective membrane)-S

AIKim et al., 2007; Maj-Zurwsk et al., 1989; Muller et al.,

TvlEe] e T

ﬁd
N

= 0
|t

of\

i

HJ

1988)ol] webA FE

3l E a9 #E 2N S-S AR f7] 8¢ THF(tetrahydrofuran)ol] oA A xskdth v

£ xAst] Ao A&stgen AP A

v A e ol2AYA w FHE ol A RuHA got i FH EHS
]

2= 9= g0l Ao BuE(Kim et.

OTI__

= =
ATFANME 99.95%9] +=EE Z2te ILE EHS QA AAELAEA ARESIATH

Table 1-1. Chemicals and composition used for the preparation of ion-selective membranes

for NOs, K, Ca, and Mg.

Target Ion | Chemicals used Composition
TDDA(Tetradodecylammonium nitrate) 15% wt (30mg)
NO3 NPOE (2-Nitrophenyl octylether) 40% wt (80mg)
PVC (Polyvinyl chloride high molecular weight) 45% wt (90mg)
Valinomycin 2% wt (4mg)
K KTpCIPB (Potassium tetrakis(4-chloropheny)borate) 0.5% wt (Img)
DOS (Bis(2-ethyhexyl) sebacate) 64.7% wt (129.4mg)
PVC 32.8% wt (65.6mg)
Calcium Ionophore II 1.0% wt (2mg)
Ca® KTpCIPB 0.6% wt (1.2mg)
NPOE 65.60% wt (131.2mg)
PVC 32.80% wt (65.6mg)
Magnesium Ionophore I 1.4% wt (2.8mg)
KTpCIPB 1.0% wt (2mg)
Mg~ (D
NPOE 64.5% wt (129mg)
PVC 33.1% wt (66.2mg)
Magnesium Ionophore I 0.99% wt (1.98mg)
Mg™(D KTpCIPB 0.64% wt (1.28mg)
Chloroparafin 65.58% wt (131.16mg)
PVC 32.79% wt (65.58mg)
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R A= AxAZd PVC =HFig. 1-10eft)S 4 mme 712 AX A 27 6mm,
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sty om Ag/AgCl A= 1 mm A9 99% Ag Aol AgCle =EFt] AZ3tATt. 2l
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<Fig. 1-1. lon-selective membranes for N, K, Ca, and Mg(left) and lon-selective electrode and cobalt

electrode (right).>
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=3 H HHo met MAHES st &4 A
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2 ZIFHES AT (Fig. 1-3). 24 74 F AAT AAda 54S & 1-2¢ Yehl stk
AFA SAHE= 7IAEEMP) #2 dHelHEAE Fste] EE Z7v]&(sampling rate)
o2 FAAAG. HAFH AREHE SARS MR8 &0 FFE F 60 =
Z 2149 10 719 dolHE H#3 3 Fe 4 =, 60.0, 60.1, 60.2 =< o] 7
Hatste] ARESHA.
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Base solution

Solution
Valve I T SSR Relay
y T
| Data Acquisition System l Computer
Pump ] I
= | \ [
=N B Motor Driver

Motor

Fig. 1-2. Automated test stand (left) and its schematic representation (right).

Moti <ol Motor Servo
PC ::? ?N'[o BCCIC_’;?’;%)H — Driver — Motor
(MR-J2S-10A) (HC-KFC13)
A/D converter Terminal Isolation
{3 Block [— K—| Sensor
(NI PCI-6221) (5CC-68) (NI SCC-Al13)
Valve
Control
ontro Solenoid Solenoid
Valve Relay :> Valve
(FDD-2510) (HTV 0301-3)

Fig. 1-3. Block diagram for controlling the test stand.
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Table 1-2. Specifications of components of the test stand.

PC714+9] controller & data acquisition
® Motion Controller

- NI PCI-7390

- 4-axis motion control

= A/D converter

- NI PCI-6221

- input: 16bit

- digital I/O: 24bit

- =¥ 9 15V

AR A2
m Sample holder

- Teflon 7}&

- Al &89 200mL
-8 AT H g @

B Servo motor

- w24 Al HC-KFS13(B)G1
- Z&H/5
2915 % AAAESY

m FE AEEY

- n]22H]A] R-]J2S-10A

- Ak GAFAC220V

- 949 50W

- SEAoHS] ofdE T 1 2000
m o] =93

- 5V —->12V

. AYR=

- Masterflex 77521-47

- % 0.36 ~3400 ml/min
- Power : 7T5W

m Solenoid Valve

- Model : HTV 0301-3 / KCC (Korea) )
-AF& A<k DC-12V ETC
A== 5 ~ 60T

-T9E 2% 40T

-2 892 AF: ©3mm

AFANFZANE A 3 AAY -, &, A3 H=(Sensitivity), A4 (Selectivity), A&
- @ (Sample test)o] WHEZH O 2 FIHEF HASA| A FAo] I 1-29 Z2 FAX
7IHksle] Ao 2 o] FoX =& NI Labview (ver 9.1, National Instruments, USA) 4 ZE ¢ o]
£ o] &st] IF 1-4% Z& AR 4EE ZEOF SAoA E&HAT =3 EE =
E2OHE FAAN R EY F=E, IV &Y AR T O AR 282 F AES
FTAC HEAS ZEE sttt &, Rinse "lwolAe A5S A Ao AAHEAE A5

2 FYst=® 33, Measurement WlolAE #E, AElAd Aol FPHEE 123 Soil
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Extract "ol AlH g AFow FFEn SHARE AHATE AR A4 £
E5 3t AAAE SAHMA FELE ASE FYT olfe ALE AsA LA =2
HZlol 8 /N2 A o] B B AIEE FUst=H o +ol Ao MA

st7

g olgdte] BT Be ARE S5 Solal 71 As) MAF WS AEssnh

K= #solutionsto test
k= # solutions to test K= # solutions to test - - .
T

- M= #repsiotest *
M =%#repstotest iBpEtEs i=0,j=0
L 3
i=0,j=0 .
i=i+1
i=i+1 i=i+1 \ 4

I I Read sample infa.
— J=J+1
=i Call Rinse (1)

L 3

v ]
- Call Rinse (1) Call Measuremant (1)
Call Rinse {j) I far baseline
l_ Call Measurement (1) Call Wash phase
Call Measurernent () ¥ !
] Set mator speed
Call R
1 i Rinse 0 to fill
b 1
" ///./ “\_\ T \%
j=K? > Call Measuremant () Manually /
gl Load sample ;
v
] Call Measurement (i)
X
il e
—_ i=k? =

Fig. 1-4. Flow charts for three different tests, sensitivity (left), selectivity (center), and sample
measurement (right).

Test tupe An=E
Rinse Start ‘ Serisitivy. © 002+ =20 [ Sen sty or Selectiily:state
—— e g == il Tur on Valves
Selactivity O _n0m- _— :
MMeasurerment Start ~ =
Soil extrant O == .
2= m Set motar spead to fill
== y
7
Soil Extract Stheale Gy ==:
W =25 B% Turn off Valves
Finse Hisz1:: i =27 BN [I—

Empty First Measurement delay

Elapsed Time (s)

Exit

I

‘Second Measurement delay

Set motor speed to empty

20 do 60 €0 100 120 tdo 160 180 200 250 2d0 260 280 300 —
e

Rinse  Sensitivity or Selectivity or Soll extract

parameter
setling fima JF Rinses (ieasurs)
Set motar speed ta fil g:
/B0 sec Hurriber of solution sensi Voltage (V)
first maasurerent delay 0o Test PresentC | Test_Presentfead | Time | ISE0I | ISEO2 | ISE03 | ISE04 | ISE05 | ISE0G | ISEQ7 | ISE0B | |
A5 sec it A At B 0. 00001 measure 'B0.1's [-0.001125-0.01 109232 -0.02169(-0, 01183510, 0184710, 006950/
“second measurement delay oo G measure 60.2'5 -0.001667 -0.0172
Afencec measure 60.3 s |-0.001361|-0.
¥
Set motor speed to empty | | |
A5 coc Number of salution selec I | | | ]
v 2y
9o ‘ lis) Z]
nurm of soh.mor‘v selec e S B
Nurn-of sol is Ok
0000001 [fo.00001  (fn,0001 | [0 ] 01 N 110 0.001

Fig. 1-5. View of the operating program used for the test stand.
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(3) AA = (Sensitivity) 2 =4 (Selectivity) A3
4 oleteEdel F= -'@‘r o We WU EANFEL $EE 10° Mol 107 M Tl

< Z= 6 7 BE 89S AFAZHEAE ol&st w=7F 10 Wiy SUHE u) AlALE el |

35 Feith A=A ek ool Wig & Mol Al

AYPE &Y Az AHRHE HERS AR AARE ZAE Fol&2 K, Ca, Mg, NH;, Na 5 &

£0]28 NOs, Cl, HoPOy, SO 4FS Mol 202 AAgsle] 23S 3ty 1Hdol o] A=A

Zb g ol=el tidk A WMSAEE HlwsheT 83 o

0.01 M2l =Hole2 Fx¢ 0.1 Mo 7Moo &

(Separate solution method, SSM, eq. 1-2)2 o]&3}o] 3§35}

o 8 Mo MAZE FA ool Jhesty] WEel Hge MAE FIHE AX st

202 sto 24 volH5E Aris stk

EMF=E, +EJ+Slog[a + Y K(a) }

(1-D
o 7] A
E, = XF 19 (mV)
Ey = AAHG A (mV)
S = Nernstian 7]<€~”] (mV/decade)
a = 2332 3 o]0 FHT (M)
as = Hdol=e d4E (M)
Z; = SAo]29 3}
Z; = HAdol9 A3t
Ky = Al A
(E,—-E;)/S a
KZ,J_IO L Zil/Zj
a]- (1-2)
o 7] A
a; = 0.0IM Fx9 F o] A= M)
a = 0.IM =9 14 ol &A= (M)
E = 0.0IM vx9] F o] &4 4= EMF (mV)
E = 0.IM F59 14 ol &doA ZHH EMF (mV)
S = 0.0IM3} 0.1M s%°4 =4 % Nernstian #%= (mV/decade)

. A3 5 u
(1 #Z=(Sensitivity) Al A3 2 &
(7 NO; A 84 =o] w354
TDDA-NPOE ZE4RAd el z+gubo ZAKHNO3) 10° M~1071 M i golA s S(21)¢}
J AAE YERRSleH 3 RHE A3 wE EMF#Y WHol: FFWA 5 mV o=

N
2

2
o
EEUEY
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QMBS BERRTh ¢ SOt Cl ol 9] $=8 747tz #9e dels Wi
& A48 e deiUtFig 1-6). olHd 54 AP
1

g Bhe 101 M EEHSAZA HAaH
Aiko]l EA8HA] ol Fol2of Hhgste AS=E Yepytth kA RE 0.025M KHP &< o] HyPO,
FEE WANNS Aole FAY weush dehiA gk,
350 260
240 4 —@— SO,
300 —O— H,PO,(in 0.025M KHP)
220 —w— ClI
250 200 4
— — 180
2 2
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Fig. 1-6. Response of TDDA-NPOE electrode to different nitrate (a) and other anions (b)
concentrations.
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Fig. 1-7. Response of cobalt electrode to different monobasic phosphate (a) and other anions (b)
concentrations.
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Fig. 1-8. Response of valinomycin-DOS membrane to different potassium (left) and other cations
(right) concentrations.
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Fig. 1-9. Response of Ca(left) and Mg(right) ion-selective membranes to different Ca and Mg concentrations.
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Fig. 1-10. Response of all N-P-K-Ca-Mg electrodes to various interference anions of 0.1M
concentration and 0.01M NOs ion.
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Fig. 1-11. Response of all N-P-K-Ca-Mg electrodes to various interference anions of 0.1M
concentration and 0.01M H2PO4 ion.
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Fig. 1-12. Response of all N-P-K-Ca-Mg electrodes to various interference anions of 0.1M
concentration and 0.01M K ion.
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Fig. 1-13. Response of all N-P-K-Ca-Mg electrodes to various interference anions of 0.1M
concentration and 0.01M Ca ion.
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Fig. 1-14. Response of all N-P-K-Ca-Mg electrodes to various interference anions of 0.1M
concentration and 0.01M Mg ion.

FH2d g A4AY (A dash 2F %)

4k 3 & £ 1-19 =4HE 27
2 obg) 13 1-15% @o] W% BF o]HwA e 2z TDDASH Valinomycing 442
s PVC 1A 9ueel Jeiz Assach AE 184 Be Aol sd 48

_33_



A=A (Philips 1S-56Dell F-2A17]aL ASH WRgHoz dibded A5 A9 001 M 2
2} EF(NaNO;,SIGMA-Aldrich, USA)¥ 0.01 M @3} E&(NaCl, Junsei Chemical Co., JAPAN)
S 1:18eE 3 EFYL, K 132 001 M €325 KCl, SIGMA-Aldrich, USA) &<4-&
A=A HFo FHsAT 71852 olsHE Ag/AgCl 71+ =(double junction reference
electrode, Orion 90-02, USA)& AR&3t3Th oA B A3 7|EHF Atold EA = 7]
AY e A8 pH v E(Orion 3-star plus, USA)E o] &3l =4 &1t

Fig. 1-15. A membrane prepared with a glass ring (left) and cut in a diameter of 4.0 mm (right).

(2 ZAgEdgold &9 5 dd ANm Ax

ol FE9 I WA UHHE F;HeE BAAIE HIFHA A, F, AZEHolA
(Calibration)2 AAHZFEKNO)E SFHTol FAAA 3 ~ 400ppm e g F5& 2= 7
Mol ANEE AHEste Ftdorn AR HEAFS £ 1-37 22 IS8 =2de Z2e
Ugd= PBG #xe7l 32 dHANE & Az AMEEHE 200 v FF wg
(Sonneveld, 2002, Table 3-4)& YAWEE 3Aste] A Aixo ZFY %7 17 400
ppm e HellA 9 o & v5F ZEF Az ASAIZd AAA A Azxd

2)
Nzl A A A4 ZFEY s THLAEAATY ANLLANRE 2F 4
o] o#EAste Ztzt o] &g = wlE 18 u(Dionex LC-20, Idstein,Germany)¢} ICP (Ion Coupled
Plasma) ¥4§7](Optima 7000, Perkin -Elmer, Waltham, MA, USA)E o]&3}o] o} W3t}

2

Table 1-3 Target concentrations of nutrients in hydroponic solution prepared for paprika (unit: ppm)

NO3-N

NH4-N P K Ca Mg

S

Concentration 1785

175

31

225

130

27

32
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Table 1-4 Compositions of chemical compounds used for preparing 200X concentrated solution for
hydroponic cultivation of paprika (Sonneveld, 2002)

Tank Chemicals used Amount (per 2L)

A% AibrE KNOs 48 g

A4z 5[Ca(NO3); - 2H,OINHNOs 1404 g

i E  NHNOs 9.6 g

Zdo]Ed EDTA-Fe(EDTAFeNa - 3H,0) 1292 g

By HAiEF KNO; 48 g

ALJ42EF KHPO, 2712 g

Axul vl Mg(NO3); + 6H,0 6.4 g

g4ketadlss MgSOs -+ 7THO 494 g

R 4t H3BO; 03l g

43 MnOy - 5H0 0.484 g

gitotd  ZnSO4 - 7TH,O 0.228 g

kgl CuSOs - 5H,O 0.04 g

=g BR4dEE  (NHYP6Mo70, - 4H,0 0.018 g

@ A5 Agvdold B xS 45AY

Ao AeE ol Ar=EppmelA s EEA00ppm=E HAH o FIAANINEAM I

oo g ate 71i?3+9§

o
&
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[o

& 3 WhE FPH. SAHAANFELS AR HA5S B2 F
AE7F M EHE= 1 & A FAHsIR O A A A3 sERAS P36
o] WY E HE o] -3} sttt A RE HbE o nit SRR A5 29
Al o2 A8l 93 JTF stRom ol ZAA(SA, Ionic Strength Adjuster)
< " H7H40 ml &Hof 0.8 ml [SAStY FEHE |2 EAFTE EASA st =7 F
gk dASHA FASHA T
9 71X HE & g /I G A5 Ot o)Ay HEgel dFe FE 4
4

)
% FRe FAA PHEA SAPH B2 NS AEs] o

E
oo >
2

m{o 2
flo

b El

( rE
O

%
= EAH 02 ST ZIRA T W 7Y W gt
+ Yot B dToAe 2" 24 FA8S f8 14 ppm¥F 140
E 7+ 10° M3 107 M ZAEF §98 o) &3l9ed 2§ v =
AL A 39ppmF 390ppm ZEF EEE zHe 10° M# 10° MEs L F 89S nlojaz ¥
A& o] gste] YA FM40 ml & 2 ~ 80 uDS AlE FUHA 5 T FEHIFA WE)
5 3tk £F= 7k W}% EEWst AAE olfsl] NE FEE dFste WHES 4

1-3~1-59] Yebd HE¢} 7ol Liberti®} Mascini(1969)e) A A A g+ Gran Plot 7] S o] &3t}
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23RT, (GVy+CV) 923RT

i A A T

logy+ E; 1-3)

where, E = equilibrium potential [V]
Eo = normal potential [V]
E; = liquid junction potential [V]
CoVo = the concentration and volume of the sample solution
CV = the concentration and volume of the standard solution
R = universal gas constant [JK'mol™]
T = absolute temperature [K]
F = Faraday constant [Cmol™]

y = the activity coefficient of the ion
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Hol A HMFA Hig it ZF =9 & =, 47 1785ppm, ZF 225ppm & 1Y
st w 19 1-169 AAHA gk WHsPHE] o &A1t Szt ujg o ZAbe A4
o AFE2 AFHOE FHo] 71T AoE FHHUG
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Fig. 1-16. Calibration curves for NOs(left)and K(right) ISEs relating concentration(X) and electric

potential(Y).
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Fig. 1-17. Relationships between hydroponic NO3s-N(left) and K(right) determined by TDDA-based

NOs(left) and valinomycin-based K(right) ion-selective membranes and standard instruments.
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Fig. 1-18. Determination of NOs;-N(left) and K(right) in hydroponic solution by the Gran’ s
plot-based multiple standard addition method.
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Fig. 1-19. Relationships between hydroponic NO3-N(eft) and K(right) determined by TDDA-based
NOs(left) and valinomycin-based K(right) ion-selective membranes and standard instruments.
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Fig. 1-21. Response of cobalt electrodes to various interference anions of 0.1M concentration and
0.0IM HyPO, ion (left) and comparison of selectivity coefficients (logKj.) of cobalt-based electrodes
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Fig. 1-22. Calibration curve for relating electrode response to P concentration (left) and relationship
between hydroponic P concentrations determined by cobalt electrodes and by standard analyzer (right)
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Table 1-5. Concentrations of mixed N-K-Ca-Mg solutions prepared in the study

NO;-N (ppm) K(ppm) Ca (ppm) Mg (ppm)
Low 30 30 30 30
Low-medium 150 300 150 / 200 100
High-medium 300 500 300 200
High 500 700 500 400
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Fig. 1-23. Changes in EMF of N-K-Ca-Mg ISEs measured in base and sample solutions
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Fig. 1-24. Calibration curves of N(top-left), K(top-right), Ca(bottom-left), and Mg(bottom-right) ISEs

relating concentrations of each ion to electrode potentials.
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Fig. 1-25. Change in EMF of K ISE measured in base
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Fig. 1-26. Analysis of measurement results of N (top-left), K (top-right), and Ca (bottom-center) ISEs
using the calibration curves.
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Table 1-6. Concentration range of macronutrients for calibration (unit: ppm)

Concentration level
Nutrients - -
L (ow) M (medium) H (high)

NO3~ 3 30 700
K* 3 30 700
Ca* 3 30 500
Mg** 3 30 300
POy 3 30 300
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Table 1-7. Concentration range of sample macronutrients prepared using Paprika solution for

measurement (unit : ppm)

Concentration level
Nutrients . .
LL (very low) L (low) H (high) HH (very high)
NO3~ 3 30 300 700
K* 3 30 300 700
Ca® 3 30 200 500
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Fig. 1-27. Algorithm for the 2-point normalization method used to measure real samples.
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Fig. 1-28. Response curves of two N electrodes to different NOs-N concentrations in mixed solution of
N-P-K-Ca-Mg ions obtained using (left) direct measurement and (right) baseline correction methods.

0

o
:
50
Seg o
& O Q o
o o] go
-100
o @g

-150

N ISE - EMF (mV)

-200 -

o o
© XD

O

-250 -

-300 T T T
0.1 1 10 100 1000 10000

NO3-N concentration (ppm)

Fig. 1-29. Response curves of two N electrodes to different NOs-N concentrations in mixed solution of
N-P-K-Ca-Mg ions obtained using the 2-point normalization method.
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Fig. 1-30. Response curves of two K electrodes to different K concentrations in mixed solution of
N-P-K-Ca-Mg ions obtained using the direct measurement method.
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Fig. 1-31. Response curves of two Ca electrodes to different Ca (left) and K (right) concentrations in
mixed solution of N-P-K-Ca-Mg ions obtained using the direct measurement method.
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Fig. 1-32. Response surfaces of N (top-left), K (top-right), and Ca (bottom) electrodes to mixtures of

NKCa ions with different concentrations.
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Table 1-8. Regression equations between N-P-K-Ca concentrations and EMF measurements for each
of NKCa electrodes.
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Fig. 1-33. Relationship between hydroponic NO3-N determined by N ISEs and ion chromatography.

1000 1000

800

®
=}
=}

1:1 line 1:1 line

600 - (€]

@
2
S

®

IS
=}
<

400 +

Y = 0.74X%+ 60.2
(R? = 0.85, SEP=74.1)

N
=}
o

200 A Y =0.748+ 67.3

(R? = 0.85, SEP=81.2)

Hydroponic K determined by ISE assay (ppm)
o

Hydroponic K determined by ISE array (ppm)

T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Hydroponic K determined by ion chronography (ppm) Hydroponic K determined by ICP (ppm)

Fig. 1-34. Relationships between hydroponic K determined by K ISEs with calibration equations using
the effects of both K and N (left) and the effect of only K ion and by ion chromatography.
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ZAAHEE TAZ F7]8vd THE(tetrahydrofuran)ol] =l A A 23}t

Table 2-1. The chemicals and composition for nitrate and potassium ion-selective membranes

Target lon | Chemicals used for the membrane preparation Composition
TDDA(Tetradodecylammonium nitrate) 15% wt (30mg)
NO3~ NPOE (2-Nitrophenyl octylether) 40% wt (80mg)
PVC (Polyvinyl chloride high molecular weight) 45% wt (90mg)
Valinomycin 2% wt (4mg)
) KTpCIPB (Potassium tetrakis(4-chloropheny)borate) 0.5% wt (Img)
: DOS (Bis(2-ethyhexyl) sebacate) 64.7% wt (129.4mg)
PVC 32.8% wt (65.6mg)

=]

TRAY HFe Ax AFH PVC 9HE 4 mme Z7]2 AXSA 27 6 mm, Z2o] 40
mmell W7 2.5 mme| && 7H Ee2E A o] THFE o8& =23t HAsido A=
Yol Zita ZF o]3 2/Hst2(Ag/AgCDH TS $138ted Z+ZE 0.0IM NaNOs + 0.01M
NaCl 3 0.0IM KCl &< Z3gom Ag/AgCl =2 1 mm 27 99% Ag AAo] AgCl
< F"ES AFsH o AT FAd 4 AFS oFEF UARES 4 AxstA 14
2 7 UAEE st i o] Fitof] ol EAHEHA F=F st (Fig. 2-D.

Fig. 2-1. The PVC electrode body (bottom) and internal reference electrode
fabricated in the study.
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{1} Reference electrode

(A £49)

\® Main Body @ 244 Cover

L 3
~Connector I \ Micro electrode
Cable

Connector Cover
zgded

1. Reference electrode Body 3 Af$ H=g

2. Body Calbe Box W% (Micro electrode Cable &3l «3%)
3. 24 7ANE 9 29

4. Micro electrode &%

Fig. 2-2. Prototype of sensor array consisting of mutiple ISEs.
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Ch2 Buffer DATAL, ) DATAD. 18]
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(Analog-Digital MCU
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Power-Key RS5232
3?3tte3réA Isolated SMPS
B } [ usB
| 7" WinCE Display
nle} Charge Power Touch Module ——
i) — Regulator-5V — erne
JACK Circuit Control = ocket

Fig. 2-3. Block diagram of the prototype portable analyzer.
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Fig. 2-4. Voltage Follower.
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o] A AES £R87] 98ke] 1@ 2-59F o] OP AMPE o] &3le] HUME 259
< 27 3HA nAR =Y HAHFE mARETMA F
of ZAHEE shth A W 2L J12ATH B

<
A #A Jue] EMF #t& 33k A/D convertero] dEE =5 4t

6
o>~ - SIG1
CHl ——8 5%,
6
o~ S IG2
CH2 51,
6
o~ —— STIG3
CH3 —48 581,
O
o
O
6
o~ S .G
ref —m —— 51,

Fig. 2-5. Circuit diagram for voltage source buffering and impedance transformation.

TFHAA HA =25 60 Hz Y o2& AASA AA YAlS(raw signaDol] Hdigk g
o

FA ETE 19 2-63 o] 22 5% Salley-Key ZHE £33t

C1 11 2.2uF
A
R1 R2 OP-AMP
INPUT A A
4.7k 9.1k bﬁ
C2
1uF

Fig. 2-6. Sallen-Key Low Pass Filter.

- Design Name : Low-pass, Sallen Key, Butterworth
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- Q-factor : 0.71

- Stages : 1

- Gain : 1 V/V (0 dB

- Allowable Pass Band Ripple : 1 dB
- Pass Band Frequency : 16.4Hz

Corner Frequency Attenuation : -3 dB
Ay FRALY g 72 EAskE ez 7] Y&l 5% LAtsE AAsAH.

o Al&xg MCU RE=3 =2 A2
1) MCU (Micro-Control Unit)
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One-Chip T#ZFH 24 Foh& &471 A&3 Feolth
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Figure 4. Parallel Mode, Sepamtea and RD Pulses

Fig. 2-8. Timing for the parallel interface.
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Measurement
Calibration

(a) Main Menu (b) Measurement
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s |

(c) Sensor setup  (d) Calibration

Nutrient Solution Catch
Result Data

20115 128 12 222 (Ml oK |

(e) Results

Fig. 2-9. Screen view of the operation program developed in the study.
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Fig. 2-10. Flow charts showing two different calibration methods of (left) two-point normalization and
(right) simple linear regression methods.
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\ ed ——
Fig. 2-11. Prototype of portable analyzer showing the screen view (left) and the connection ports for
the sensor array.

Fig. 2-12. Image view of the prototype sensor array.
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Table 2-2. Concentration range of nutrients used for calibration.

Concentrations (ppm)

lons

Low Medium High
NO3” 3 30 700

K* 3 30 700

Ca* 3 30 500
Mg?" 3 30 300
PO4 3 30 300

ARe EHe %M AN AT YA A EmE svtold 29 Ao AR FolA
ol 9 7o) ARE Mol 3 WE SR AR WHel B2 A AHe 03ppm KNO;
e A APNA ATH AERAN DA BEA] N2DE ol g3l T

Fig. 2-13. Experimental setup using the prototype portable analyzer (left) and the view of the data
displayed on the screen (right).

U Ay A 2 a3
N A=9] A% t& NOs-N = oS zte &0 tiste] 17 2-1437 o] 2 AH <l
ZAE JeEA AAAS 0979 2048 BAXS AT 97X doE AdE 34/
2ol GBS N AFE o] 83l EMF 3he 43t BAddA S48 HA 52848
g3te] ZAelagold e A A A e vEeRd biel o] A H ol 4 F
of EAlstE Ao R Uitk BAANA SAHE AAGT FHE A AT AFIA A
oA Z8H AHe} XA Aol HFHO R 22% AE EA d=3=
Hoz Fulg Ear)e Aztd

e el s,
oleyHy AT B YD va A o
240l Hgo| 5@ Ao vehg

BEAZ) A% 2E) UG AN 19 2150 ek} vhsl ol FE bl o
S dEHd WAE JehEA vaHer 2AeAch AR, Fole R4S o) g3t &



N-ISE EMF (mV)

K ISE EMF (mV)

J
sttt Odolx= =7stal ol A e SA4E A= AgHgolds A Fol EA4

2000

@  Calibration data set 1:1 line
250 4 —— Y= 237.7-42.1l0gX (R? = 0.97, SEC=6.35)

O  Measurement data set

1500 -

200 A 1000

150 8

500 |
Y = 1.22X-1.55

(R% = 0.90, SEP=186.3)
100 A

Hydroponic NO3-N determined by N ISE (ppm)

50

! 10 100 1000 0 500 1000 1500 2000

NO;-N concentration (ppm) Hydroponic NO3-N determined by ion choromatography (ppm)

Fig. 2-14. Response of N electrode to different NO3-N concentrations measured with the portable
analyzer consisting of the TDDA membrane (left) and relationship between hydroponic NO3-N
determined by the portable analyzer and by ion chromatography(right).
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Fig. 2-15. Response of K electrode to different K concentrations measured with the portable
analyzer consisting of the valinomycin membrane (left) and relationship between hydroponic K
determined by the portable analyzer and by ICP(right).
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1. ISFET9] 7/I'gd ¥ o]&
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B dAFelA= SE A5 ajolA 2 8skld PVC WlEdRls} Z3/de HJxdo] 2t
i l 7le F7HAIE A&kt (Artigas et al, 2003). Z
3-13} Zo] AAE =AHdo=w HEBS A3 3}

iAo H EHO AloE AHo| 2 nl "olj=d & of 2 # %?_P UV/doﬂ Z

Table 3-1. Chemical composition of photocurable membranes used in the study

K NO; Ca
. valinomycin TOAN TMBPhPP
ionophore
2.3mg 3.9mg 4. 1mg
. Dos TOP DOPP
Plasticizer
46. 4mg 59.4mg 55. Img
Eb270+HDDA Eb270+HDDA Eb270+HDDA
Matrix/Polymer 48.4mg 34.7mg 38.4mg
(Photoinitiator) (Irgacure651) (Irgacure651) (Irgacure651)
2.3mg 2.0mg 24mg
" KTpCIPhB
Additive
0.6mg
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3l TE One stage 2= Al°lE YA Vg& YASA sl =gdolA 222 32+ AF
b7} €9 F=o] Mg} W3t AEE A5k Walolth Two stage I Z2& AT hE A
at7] 98l Vo kol WstHA 1 WistE Vg A3t &9 w59k #AAII= Solnh

@ A 1 ﬁ—4 i F

K0
WA
100k 1 ™
2t 7" 7
i 1/ N
2
+ Ve /? ’
— < 4 < 1000
= > 3

470kQ Vout | :
‘ _; Veat

J M 1

I—<—

19 3-16. ISFET A&4 &S $13F One Stage 3] 29} Two stage 3] =Z.
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Azek Ao AFEIE TR 9A3te] Vgset VdsE ASAZIEA o] BA 1ds A
2784k Vg 1~5V, Vdst 0~5 V Alole] dgke rlelgrt. ol e xel nhe 3
S AEE 87 98k 107~10° M il NaNO;, ¢ KCl §9¢] =& 10 v 114
Z42y 6708 ABE A xSt AeZA IEEE FTVHAIIHA 3 W

AZ Vds = 1.5 V&} Vg = 3V & HESIATY Alo|E o
Az Heol Agd 4 Jd= 28 vYHF(DriREF N-45, Microsens, Switzerland)& ARg-3}h

|

@) Ad T AN TP AHE

ISFET Hell v5 AMde A&std tF ol&s A HET & Ae AE 7HsEr
st 19 3-173 #Zo] Source®t Draing shuvhe] 22 Bl 3749 AHES AR 74
A A& sourceD, source@), source®), drain@, drain®@, drain@® o2 =73}l source OF-El
Aske dr7etde el Drain @, @, @F&NA HAEHe A7-E AU source®@, ©
PERZRAI R FkS ?17Fstkal Drainoll A o] MR/E S35t o dAGHE st 24Y
Agdsta HMt=A 35 A T4a0l A HP parametric analyzerE o] &3t [-V 2341& LUt}

S

|
pans

2 L

rlo b

a9 3-17. I-V curveE H9 &4 AHd EE

3™ 3-179] yebd nieh o] A Vg ghellM VdsE SR o 27lels 2 ARkl
F4:3] %7}»5—}74 RHVds7h 1V eEdM e ARae dAMAE A%e YERT Vds7h L5V
oM = Id dF7F 235 Ae THAAM & ¢ Ao =3 Verk S71E o) Ids= A% 4
o7 < & F Uk old FHAI A8k ISFET AP AE Vds = 1.5
FEAA 7P

o|X
A
w -
Ol
o
rlr
s

{
&)
<

_72_



180

160

140 A

120

100

80 A

Id(nA)
Ids(mA)

60 A

40 A

20 1

-20

Vds(V) Vgs(V)

19 3-18. ISFET EAI F4(¥Z : Vds-1d curve, L &% : Vgs-Ids curve).

PVC BBl AEIAZ 107 M2 Eolx1 HHEAE Hojx& 548 Jehgide. 33
olf& a7l ol AN PVC W o] AmHate] Rago] ArjHo HolxE &4
A Aoz A3
200 100
180 ©
160 - 80
140
—~ 120 —~ 60
> =>
§ 100 E_E'
= =
w g0 w404
60
40 20
20
0 T T T T T T 0 T T T T T T
107 106 105 104 103 102 101 100 107 106 105 10+ 102 102 10 100
Concentration(M) Concentration(M)

a9 3-19. ZF & W& K 2743 WBgA(€%) ISFET ¥h-3 PVC ®B <l WH-eEZ(LEF).

(3) Second stage 3] 2F o]&3 ISFET H ¥H$ A3 4H

Two stage 3]Z2°] ¢ Vset 2 0.009V ~ 0.021V thFGo A A7Fststh. 18 3-2000 A

e ket 71%01 T/t 718 W one-stageol A ¥z Aol w2 Zokghe HAs)

Rqed 2o Hazoll ok WA wFoltk ¥hE A Al Ho]E ¢ WHolrl EA s}
?_]__

Qo @55 BEsYA ok oz AlA, AEY Y FRE AW AA 8k FEF

r{r
o
!
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5000

4500 A

4000 A

3000 +

2500 +

2000

100

107

102

103

104

105

10¢

Concentration(M)

£ K ISFET

W3}l o

19 3-20. Second stage 3] ZE o]

0

il
olo
T

—

_XH_
)l
N

gy
N
=K
M
Ho

5

H ISFET #o] NOs

Ay

Qo] =

O% 3-21(8F)2 T AEN-Dell NO; 274314 s B

sholth. el LheRG npo

N-2, N-3)& Ho]g & =33 A

SEHHlA 90 mV

BeEhigow tajde] A= Al e A =5 50 mV

X
AR
ol
R

isolationo] &+H =] A

o o o o
N < © ©
(Aw)4N3

-100

20
-40 -

60

80

(AW)4n3

-100

100

107

102

109

104

105

10

100

10"

102

10°

104

10

10

Concentration(M)

Concentration(M)

% 3-21. NO; ISFETY| %ol w

oF

=) ade] 74

=
T

sHsk (9% g A, (&

)

&k

| —
T

ad 3-22¢= @ Adz 44

$= A7 A F
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o, = s dgAde Aeun Wojxe @4bol WA olHF Ase

o 9 593 wee Suss 4d A B
st -V el A ez 2 sch

150 +

EMF(mV)

50 - /¢,//”D/

107 10° 10 104 10° 102 10 100 10 10 104 10 102 107 100

Concentration(M) Concentration(M)

19 3-22. K ISFETY] = @& Azl () dd A, (LEFH) vAde 4+

G Ad 7 A3 A

3 7t

FET 7+ 2j'dol source$} drain Atolell x<qtS QI7istar 1 of wAst= AR/RE SHI 2
= 9 3-23(F)e vERG HEel o] T Adel A 1-1, 2-2, 3-394] SAHH AR
I o2 Adzte] AAFEE =4 1-2, 1-3 Sl SHE AFHS W FUbel we v
o8 Frksidlen 1 HELE FY% Aelrt wAsHA Fdnt ol A= A | A
o] X Ho A ¥ AS ulsiH gAd 2 Zy3Ql SHo| EVbsES ou|dth &
EAMCRE 7F Aol Hof 5 VE v¥lud we Ao o= B8 AR/FS 10 pA
2 719599 nA 2o @4 58 HAFE FET 29 75l 2gstA g Ayt &5

el

o AT O of 2d%t AAANATIL AP el B AFel 57
£ A AFpo] o] FojAo} sk EAl7L W 8
A AR Ze Brbsste] FETE 7] Al%e
s zlo] Wasitin Beksigt.

10

Ampere(uA)

NN =2 2o
PN

3 4 5 6
Volt(V)

1% 3-23. 71 FETe] 249 -V 54

o
o
N
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4. pH ISFETE o] &% ¥ F84 3

7]. x]]g_ =i H]—lﬂ
(1) pH ISFET¢9} 2543 3|2
AEgstn A7dolA HZol 73 pH ISFET(Lee et al, 201D)& o]-&3te] 4 U +
YFE d=oll 488 = d= AE FHLA AT AHS3 pH ISFETS 17 3-249} o)
AClEC ALOs7F =3x8 et ¥ AFHoM= NOsot K 343y fugels =29 9
Aol A Hold s3E B3 FdshA st e siloen Az == A3 pH
ISFET A-ellA A3 3] Z(Fig. 3-25)& A&ttt

% 3-24. ALbO; & =33+ ISFET chip®] =4

1% 3-25. pH ISFET A g0l A&3 NEaHd &3 =,

o
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(2 43 ¥

pH 4.01, 7.00, 10.01 buffer (Thermo)&<)-& o]-&3le pH W3lo] w}E pH-ISFETS] wH&
NI 6009(National Instrument) dlol8 3 AXZ o] &3t 3utE =AH3P o Fo v
Z gelstr] 9ste] 10°M ~ 10'M NaNO0s¢} KCl FF8q oA 5 AgATE 3y
Attt Hdol=o tigk 8-S gRlstr] fste] 88 AFS sk NOs
st #BEHY A C, POsol=o tigh AadS dofrr] 93t 0.01IM KNOf‘l""JJr
0.IM KCI, KH:POs&H 9] HPAsE dorty SAstdth =3 K WHE#HAe 75 Na'
Ca®, Mg”, NH, o]&o] tfjat Melgde dolrr] $15ted 0.0IM KCI-&<4 % 0.1M NaCl, CaCl,
MgCly, NH,Cl &H2] HA s E Wzolrty SA43A T
FE=G&Qo| Ao ISFET ASEAH AA| A ISFET d554E vlwstr]9s] 24
= o] &3t APt HAEHGJY e sty Al SolA AP THA T
FF8YNaNO;, KCDollH 2] AAEANFS 3 Fo| AA FrlolA 2ol= s=a]gt
A& 1008 343 gAo 1,000ppm NaNOs, KCl €98 A= HristdA WHals Ay i3S

i

i

]_

N
Y

ol

£

_11}1'
>

o
i
X

() pH A&
29 3-260) UERG Ble} o] gl

500

400 ~

300 A

Vout(mV)

200

100
—&— chip1
—O— chip2

T T T T T T T
11 10 9 8 7 6 5 4 3
concentration of H+ anion(pH)

19 3-26 ALOy7 =¥ ® ISFET Ho] pH Hx% AQYEA.
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(2 #= 2 Add 43 2

% 3-279) vERd mle} 2ol NOs WEeHlF K #HHd =F 10'M el ol &
o met Ad]b ghol Wate e & ¢ Ao A, tiAlHo® vEEAGL Hojxa A
o7 AeEoA wkggke] WMot st OddE E7eta Ax SHAE A AN
oA AFL3F= oFalo] K o] &3 NO; o]e2 % thddo] 10*°M ~10M ¢ AL 1859
< 0 o= Axel FE JHeAE YERpIch

400 350
350 300 4
S S
,_% 300 % 250 4
= =
w w
250 A 200 4
‘ —O— NO3 photocurable membrane —&— K photocurable membrane
200 T T T T T T 150 T T T T T T
107 100 10 10 10° 102 10 100 107 10 10 104 10° 102 10" 100
Concentration(M) Concentration(M)

9 3-27. £F8Y(KCl, NaNOy)oll A Direct Measurement o2 =43+ K, NO3 photocurable

membrane?] §M e AUYEAA(YZE: NO;, LEZ : K.

ey 4o A¢E 19 3-28) Lhebd kel gol ol e] FRHel wek Ho wge o
27 Yeus e e

Ak A e "Wagele] =xE 3o AS AuHoz (I,
o

76]

2 #l

9 st e VERiITh sHE wEAy
o

s TEAHA Xkt K9
BFE BE A5l Aol E£A7F HAW oY 2 NH, ol2ols tE Aol
Al w2 WeAds JERith 7 HolAM yebhd vbEAY EAl= AR pH ISFETe] 25 =
g ZEV} 3

250

200 4 300

150 - 250 4

EMF(mV)
EMF(mV)

100 1 200 4

‘ —8— K photocurable membrane

—O— NO3 photocurablemembrane

150

50 T T T T T T T T T T T T T
NO3- o- PO4- K+ Na+ Ca2+ Mg2+ NH4-
Interference anions Interference anions

1% 3-28. K, NO; ®B# Q] #2338 Aol thgh vka54(d%: N0y , 8% : K.



(3) & U pH ISFET¢] Hlk-&

29 3-290) Uehd whsl o] NOso A% EE Gl Ueht: AAEA FEoh §
A GERA R AA S0l Atolt Ui e % Atk ol& 3 xl He qpo} offset
24< e Ao AAT 5 3 !

E AYEH FHho 2 il
ISFETs} K 9H#|ele Sxd ISFET 3 2% A& =eze EA7l sjde] Hojop 44 4
AA A ) ] o] £EE alZo] Fhede Hshn.

it
+
%0
o
Sl
o
o
>
kn
(i
v

ol :lo
S
el
2
N
flo
d
l-'O
0
4
50
£ iA
gﬂ
N
d
=
z
L
g
T H
=)
rO
m[o
b
1!
ot
=)
T

NO3
K
-700
-700
O
-750 - -800 - O o
©
o 8 e
— o) |
> ) -~ -900
@) = [ J
T -800 ] ! o 8 E °
= ] o 4 o0 = ° $
' o) -1000 +
. [ ]
-850
. -1100 + °
@ Standard .samples @ Standard samples
O Hydroponic samples O  Hydroponic samples
-900 T T T T T T -1200
107 10 10° 104 10 102 10 100 10 10 10 10 103 10 10 10¢
Concentration(M) Concentration(M)

9 3-29. vzl 7} v FH e A Standard Addition ®H O 2 =43 NOs, K photocurable

membrane®] FEE AUYEH(YFZE: NO3y, L& . K.

5. FIA(Flow injection analysis)A] 2~ A A) &}
7F Ma

ISFET 7€ 582 vMAF2EA2H 7<) #dste A="9 Mds F4sta #
FEFe AAAFSIR o HAFHOE ARV E AFsA . AN A Ao 1 L=k
2ol AAAZG ISFETo] 71Hd AsS H3IA Fslo] ISFET-FIA Al
& FYstA oAtk FF AFoNA ISFETS A3 o2 AzZbste] A2Hgk /\17%7
q

‘L
O_u

U A2H FAE
ISFET+ &3 vAl

:{o
—H
offt
>
[>
o
flo
I
o
&
k)
m
o

Amsh AHele vlolam A%
BIE ol§dtel AFOoE F2S Ao FYStL W AEZS CPUNA Ao} 23
[e)

& ARSI EASE BAolth £ Alojeh AX BHE Mo AEEUE TS A%

1

g::\l

_79_



<micro PUMP>
tml/min

Valve 1

Fitting
(Ao->2@)

Fitting
2->40)

Ch1~Ch9

Valvel B0l
Valve?2 MO
Valved Hl0]
u=Pump HI 0

P— DATA . Touch LCD

Processing CIAZd0l

AAAA

19 3-30. PAlFRAIZ=EE] THE .

t}. FIA(Flow Injection Analysis) Al 2=l A A

Flow injection analysis(FIA)S A-53te A4 =2+ W o 24 197533 Ruzicka®t Hansenoll
o3 A/ME YL }Eo) Valcarcel 5& o] 7|&o] Y9 AeS ATy A3 o] A=
7 A&Zolal ZYHA ¥EE mloldr Fxep WHES ARSI dAE HAs] xdE:
st= Aot & FIA Al=dlel] #8-8 MEMSHe Ao dagh ¢
2 HA FEFS AUsiAl 24 7 gazel wHyE F st

=
SR AL Fo

. [¢]

il
o
fo
o
=)
=
Jo

) A A5F 22l (Flow cel) AA & A2

mAlfFEE 34 899 35S AT A fA FEEA AEE, # s
of A5E AHgste] wlo Z1e2 AAsY. A% F2= fA A48 d8H
< st 193-313 o] AT 1xE AAE WAE Inlet, Outlet F-&°l Fittingd
A< 39S o ISFET Heol €7 A48 A AHE 2A7F o 23 AW doM =
Inlet, Outlet Fitting ¥-¢1& 92 3t G/ A& A27F AR =S 33t 138 3-32<

Zroll sl A= A= Ege HAFH ISFEFHs £=29 A9 =d2 I§ 3-33% 22
‘ﬂo“%'ii o] FAAEE 33

o

141
E,
>,
ol HJ[O
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Inlet Outlet

Inlet

19 3-32. AF3 Flow Cell 245 (92) 131 (LEZ) 23 v A,
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1LHAMESY B3 2. HMEE SALE 3. dMEE nHEEe EHEEE.

2

-
=

B

4 EtEEY 20| MY 5 HAHE THEC Bt 6.0t TEECO HE 4

7. HMECo INEE,

10. ¥en s d|3 HAE, 11. Y= S AREL

1% 3-33. ISFET-& Flow Celloll &2st= 4]

i

BoF= 3A
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(2) vjolmE H=
B AFdAE Hl& F5F Aod(n @)7F 7hsstES 225 E HAV|E AUbste ©e
T IAG Fo AAE F

o
R £33t 717|958 WL (Peristaltic Pump)E A AATH o H
Ze 1 Hauise)d 20 wo] Fe A TFEE "xe) fof Frlo) me fEe 24
5 Qs Hol Yok

(1) P/N: 120SP2420-5TV

(2) Operating voltage = 24 V

(3) Dispense volume = 20 ul

(4) Body material = PEEK

(5) Diaphragm material = PTFE

(6) Check Valve material = FKM
(7) 1/4"-28 UNF threaded ports

9 3-34. AAT violaR Hzo| AR F =

o) Wste LohfmA 1Y 3-359 Lol HFBAIE o] dle] Pxe)
%

FHE AWSAT. 05 He 2F A9sha 2HoAE Teiste],
pused HFHOE o 25 ~ 26u Fe FFHOE WIY & Yo FaAsdgh 4FA%

24V]

100[Q]

I

Inlet

—~
u-pump
s <>

outlet

a9 3-35. mlolaE FE 3 AIY 3

N2
i
e
ot
f
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¥ 3-2. njo]aE Hxo FHHX Ui FF =4 HlolH.

TEEX hEAzE | 1 S 2 =4 K [ml/sec] Pulsetd
[sec] [mil] [ml] [ml] FUH
0.5Hz 120 2 2 2 0.017 0.034
1.0Hz 120 3 3 3 0.025 0.025
2.0Hz 120 6 6 6 0.050 0.025
3.0Hz 120 10 10 10 0.083 0.028
4.0Hz 120 12 12 12 0.100 0.025
5.0Hz 120 15 16 15.5 0.129 0.026
6.0Hz 120 19 19 19 0.158 0.026

* ZHH W2AAUEE imlE FFS WEa A FEH

(3) vlojlz= WH

nlo] 22 WEE FA7 YA PFos sEEE BEAY, FES 24

of
-
A
fo
ol
=
R
>~
Al

LHT B dAFdAE vfolaE EYsolE MHE AT BN 25 Qe WHo o
gy 2E i AU 7AY 55FE Vet ES Stk 13 WA A 83 WHE Ae 7]
7} Zpo} A¥sletr] golat o, WA 2 HA o gk 22 a1 o= 22 MAoAE T
dol 7iAdE B (Part No. 100T3MP24-62)5 A7g3ste] &3ttt WHO| F2o] Bad Mg
4 Wola ]2 Ao 27} 0.062° o2 Ul F &3 87 ulo|th
| - phareon
R
g hrj\.
— T \+ % f
I 94 Lapaw

a9 3-36. vfol A2 WH I G2y vlo]la® P,

gt AlaA e A" Az
(D) AN=" 4=

% 3-372 ISFET-FIA Al2=®le] AsxeE EFHAEE RoFH 279 7|5E5L tat

2t
- Buffer (&55%7) : 48 299 JsddA 9
N (AEzdFu)7E 5& £ AHg3te] Noised 4

Fe WA g FF

- LPF (A &32H) : 153}

- ADC (o}~ A" 2

2
foi
(E B
r\«%
.
u
u
>
foi
i
O
N
1)
>
foi
fu
E
riot
@
oF



16bit)
- MCU (m}o]lmaz2 AEE #4Y)

. 32bit Z=EZA| A, ADC #|¢], GPIO
o], Ethernet &4l
HIA|AE 53

B Ao,

- EEPROM (#7134

1 -Pump Drive

- Pressure Sensor :

Ao}, RTCAlo, Al SAI(UARDAS], vl =] A
2AZA, volAz F= AzH FEol] Zad 3

58 FAss

&7 753 PROM)

z2ago] JHed ¢7] Ag vimel WRA A, A EE A 4
- #1, #2, #3 x-Valve Drive : mlo]3 2 WHE F %5357 3 tilolB I &2
cUtola® HEE FES] % TEfolE 32
F29) e AAROR ZHste] REle] eFFo} WHe] 05
02 g Y ¢HS A
- Flow Volume Sensor : A&o] FYHES FFS AATFOE A
y-Pump Control €——— H Pgmp RTC
Drive
Y
INT1
Vo1 —»| Buffer |—»| LNA » LPF > —1
ADC
Vo2 —w] Buffer | LNA »| LPF (8Chx Len
. 16bits)
@ MCU Module
Voo (WinCE)
os —»| Buffer —s{ LNA » LPF =
| ADCO
Pressure
-V I - ADC1
(Dg:-nzseonr-nA) — Converting —| Buffer
F!n;v\lolume 1V .
il . Converting uner
(BoR-20mAY »| EEPROM
#1 p-Valve Control €——— gral\li\;i
#2 y-Valve Control €—— SI:\I;\;GZ
Valve
#3 p-Valve Control €— Drive3

78 3-37. A& Al Al =% Block Diagram.

@) &7l 3= 8 HelHed =2 A

slolZz Wner Wxe TES W HZUAL

54

skt

P
T

1

a9 3-383 19 3-393 o] 12 VoA

=5 AAlstaen Holy 52 8 A'de] HolEE 16 bit Bl solA FHEES

(b Micro Pump +%3 =&

AgstAl s ol

g ®Wxo] QI7IAHYE 24 Volm=g MCU9 Z8AYge 5V Hl0
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1o
o
ofy
o
=
O
c
lo
g
=
=
2
2
u
N
i)
ol
s
&
b
o

VCC24V

PUMP_V

24V

PUMP_IO 3R A N\,—{“‘
5v FET
0

0

1% 3-38. Micro-Pump 753 2.

(Wb #1, #2, #3 Micro Valve 7+53 &

vCcC VCC12

N
ots a8l
A Las N
6
|

J:_y _ VALVE1_OPRT

GOE-134P
T I3
. o o4 LL4148
VALVE_01Y FT 2n7002is0T23

10K

7 _ VALVE2_OPRT

GOE-134P
it
. o 6 LL4148
VALVE_02) T 2n7002is0T23
2

) D22 q L _E]
5

10K

12

7 VALVE3_OPRT

vee
N T
Sl
D24
A s GE E'E]

G6E-134P
~

=
} o a7 LL4148
VALVE_03) = anroosot2s

10K ® -

19 3-39. #1, #2, #3 Micro Valve 753 &,
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(th ADC 3=

VCC5

u14 ADC
o~

SEN0O 3 RUMA-20 1 cHo vad & ST
SENO1 Y>——R120WWA 20 2 cHi enp 2 - i
SEN03 3 R12WN 20 3 che spi {14——MosL
SENO04 ) RI22ANN~B0 41 chs spo 18— MISO
SENO5 RI2IAN 20 51 cha ScK |12 SCK
SENOS 3} 124\, -20 S cHs Tsicony (AR SYNCT
SENO7 ) RIZANA 20 7 che Vref —_!10
SENO8 ) RI26\\\ 20 81 ch7icoM  REFCOMP j—“‘_l:‘ c74

C75C76 C77 [C78 C79 [C80 C81 CBZJ_ ‘7(369 220"
TITITII] tewwee - ]®

2000pF 2000pF 2000pF 2000pF
2000pF  2000pF 2000pF 2000pF

a9 3-40. ADC 3| =.

nf. ISFET-FIA Al2=®l &9 <ags gt

A% 4 Azdlel £94¢ AT £AE WA, 27] AYL 7155 Flash wlmaol 9t
Aol ARE 2ol Sof AAH Azkol BA ATOoE WHE FAAA P AlH el
SANNE ARG HEZE AU71EH FA 1 mLming 20 A, 27l Al
Ao e Fa AAwolx Y ) a2 f2E AXWA
el mAE Es} golAA Hn FUE Fo] Ee AHL MM ARG YA

-1 =
stAl Aok HE" Ase oln AEd

ME wuelel o3 Fo FIYRY NEE FZ 9 A5
Ao o)8) FEE F4Eo] LCD Sdol ZY=A Hrk wef Wu o] 2 FAol o4 Y @
T2 4% ol OIAW o4 WAAE =90 ZHAA HAAE g S BH= T

= =
Zolth, 19 3-41& WHF A28 29 Z2I3Y #ASE vehat,

PEER
A7 52

tlzptol 4
U A7) =

ATCOIAF
AR &3

& Ho|a
o A= g

ByamaE [T
(S R E

a9 341l BEAA 2R e $AE
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v}, ISFET-FIA Al 2=®l AlZ}7] A =;
7t aanEo] Ua MAE BAR 1Y 3429 o] MARE FEALY AZIE A
STh B ARE 24 4 RE0R Ui oA HEA4ER WETER Ao L

ol e AR WKL, mlojaz HE AFta vA FAE FAUste =254 Flow cel

2 FAH AT F F W ARTE AFEAEE 1A AR AAE 7R 84 BES T
et FAAE E=etATh 23 AR A s FdivE 2Eska 4.3~ touch screeng A &3
o &84 AYE FUE st stk 53] 22k AR A= RAFEEHJIS el
Zete] Ao TS AFACE AFY F J=E HASI, FA &IV FolA HER
A4 F JEE 4mm FEE AAT F Jdv= AYEHE AZsA T AL ISFET9] 450
grE2 kol AZVIE AFs B AP TS A RIATE FF FHE AFoNA
ISFET 4%5& gHralo 454dTS £33 A Folth

Micro pump

Valve System

Micro Flow MCU Board

19 3-42 ISFET-FIA A28 13} A2,

9 3-43 ISFET-FIA A" 22k A &7]
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A4 G} Frole A T @ wgFe 2A Zzad

L a7 78

e AuistaA EH s 23 MRE 3aste] AASste AzEe e 84 74
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a9 4-2. <32 3 Au A28 (Gieling et al., 2005)

F71ol22 =& JMEE Aojsr] HaiAe 2d B WMo FrioleEwre SHAE

2. FAA YA WE Fr]o]2 A T
7k Az 8y

S gz 7 FAAuET A dubE o s AAsta gl A7IAE AP s, v
27k ‘Cupra’ FFS AFASRE 3t 20099 7€ 24dol dAEFH 1o AFE AT F
Hego] 24 AAE 8¢ 11¥el ¢AEA0x10x6.5cmell o] A3ttt =3, Bgo] 6~73 &
AE 99 2o YALEEFHE(90x15x7.5cm, & 10.125L) $jof] 3F&
o stzezts At WEE 12009 AAHE FoH dwE
PE-Fol vjFTFE AXste] wAR AR wjdo] IFFHEES AT 7
AAME FAzH A T(ETE PBC 24, Y opniaty] 2A)EE ¢
Agstyon, ¥AzHe thgFdast v
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Table 4-1. SHZe7h w84 £4AME SN2 GFALE o] LB =
B

=] A 1

ool 2.4 270l &%= (mel™
NO;-N NH;-N P K Ca Mg S
3}e+ PBG (=%H) 12.75 1.25 3.0 5.75 6.5 2.25 2.0
Y& ofriaty| (=8 9 0.8 2.5 6 3 1.5 1.5
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Table 4-2. stz E]7} =382

=] Eo IS ol -1
ool 2.4 F7]ol &% =(mgL™)
Fe B Mn Zn Cu Mo
slek PBG (=3H4) 0.84 0.27 0.55 0.26 0.05 0.05
YE opnzty| (=3H4) 2.0 0.2 0.2 0.02 0.01 0.005
233 AdoMe Zzayl ‘Cupra’ ZEEL AIAEZ dte] 20109 3¢ 29U <@

5)

9o $ESL HE F QAR (10% 10X 6.5cm)el o] 43k .
Eo] 6~7 HAMHE 5¢€ 19¥o] W& H(90x15%x7.5cm, &8 10.125L) 9o 34
Astel, IHE g 47 o] Bzelzte ASAT MEE 12009 AAE For duse
B7b @7 A4 HE ol RE W4TE A wuar woo] H4FAHES oY

o] 2F =EC) AlojTot F-7]0]2E=INC) AojTE=E xdo|nmfx] o= A 2|st3)

2ol 2% AHENE o

L= )
THIE 4-3). YA tFdas) ngFdio st 2h2zh % 4-33 4-49] 3t&k PBG «+%

F(Hol 2%

o 22 AT, F710] &%
APME T, gt g wee RrlolesEE YU

Saties Al af e =>

S F EH <

TAAMA A oG Aol wE Fr|o)2 A 7 AIFFAC 10)

] ReTRIEN o 1

ool 243 270l &% S (mel™)
NO;-N NH;-N P K Ca Mg S
3= PBG (= & &) 12.75 1.25 3.0 5.75 6.5 2.25 2.0
slgk PBG (Hl<=34) 155 1.25 3.75 6.5 9.5 3.0 3.5
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£ 44 hZelgh AN G FAzAe) MU FrloleBE,

=] 9 = -1
oo‘:‘?ﬂ}_/‘j T7]O]LOE(mgL )
Fe B Mn Zn Cu Mo
g% PBG (= & 2 0.84 0.27 0.55 0.26 0.05 0.05
slgk PBG (M]<=%12)) 0.84 0.33 0.55 0.33 0.05 0.05

3dx AdoAE B8yl ‘Cupra’ EFS AFARE 3to] 20113 2€ 1590 oA
o) #Fetan vF & Bo] 2 ANEHAS W dHEEZHA0X10Xx6.5cm)ell o] A3k
, Eo] 6~7% ANHE 4€ 8P dHEHEO0x15%x7.5cm, &% 10.125L) 9 374 A
ted, 198 2479 stz e7tE A28t HlEs 1/2009 FAME FRoew dHseE
1 A4 WE ol RE WS A St WY R AR wjYo] I =S STt
Aol ZEEEC Aol Frloleesx AloFEHE XY uix] IWHEow A s IATHLH
4-4). FA2A L thFdast vFdso st 242 & 4-33 4-49] 3t& PBG &4 iz
de AHESERT 4Y 199 FH 2 ~3 F AR FAA oA HgF(HelEs = Aol THEQ),
+

270l e s A FNCER Fo, gusstue) 2 oje] Tyl er =S ZHIAT

T O -

SRR
L/

1>
of

N
-~

<Grapde) o) sz 7k

a9 4-4. 3z 7) =8 A AAlopgA el mE Fr|ol2 A 7 AIFAAC 1D

v 23 92 aF

132 AJgollA gz =82 FHAANA FAFFE, S & PBG =AY Y8 ofniz}
7] 24 & Z¥W EC, pH ¥ Fr|olesx 2olE FAS 2
4

o7} §l= Ao ety
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70 35

—O— Irrigation (Yamasaki) —O— Irrigation (Yamasaki)
oy 60 | —@—Irrigation (PBG) 30 | —e—Ilmgation (PBG)
#‘ —{}— Root zone (Yamasaki) = —{}— Root zone (Yamasaki)
S s0 b —@— Root zone (PBG) S a5 L —#— Root zone [PBG)
£ == == 0ptimum level in root zone g = === Optimum level in root zone
E a0 E 20
g =
6 30 g 15
o o
v
Z-m 0 G g1t
o a
Z 0t 0s |
0 : . . : 0.0
2 4 6 8 10
Weeks after planting Weeks after planting
20 25
—@— Irrigation (Yamasaki) —@— Irrigation (Yamasaki)
—@— Irrigation (PBG) —@—Irrigation (PBG)
—— Root zone (Yamasaki) S 20 + —— Root zone (Yamasaki)
= 15 F —@— Root zone (PBG) = —@— Root zone [PBG)
L; === Optimum level in root zone o === Optimum level in root zone
£ £ 15
£ £
- 10 | —
g £ 10 |
o
: .
¥ 5 F o
5 b=
0 ! 0 !
2 4 6 a 10 2 B 6 a 10
Weeks after planting Weeks after planting
10.0 15.0
—@— Irrigation (Yamasaki) —@— Irrigation (Yamasaki)
—@— Irrigation (PBG) —&— lrrigation (PBG})
o~ 8.0  ——Rootzone (Yamasaki) - 120  —— Rootzone (Yamasaki)
if_ —i— Root zone (PEG) S —— Root zone (PBG)
g == == Optimum level in root zone g == == Optimum level in root zone
60 20 F
£ E
4.0 6.0
8 8
2 o
=2 20 r v 30 |
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Weeks after planting Weeks after planting

a9 45 HZ w84 FAANA FAEFO BE F 9 2he] Frlo]LFE WIAC 09)

w2k, 233 AlPol A s 33 PBG 24 7EGFAo R st FAA AT, S HolF
S(EC; electrical conductivity) Ao 2 Fr]o]25 =(NC; nutrient concentration) | o] ¥4
of W& ZAW EC, pH ¥ F7]o]&% % WHIE ZASIATHIY 4-69F 4-7). 2H9 EC ¥

Hes AdHEE, 7 S/ FAAEA EFolA /\l““ﬁﬂﬂ ¢ F AolE UEA &
i} T Aloje} FrlolEE A
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[e)
= Aol ol A NOsN, Ca, Mg, SO-S 5 27 ol %157 4 Rrlojege] $xr} o}
. = j =
2 Zo g qFson dAHom dojxl A= F Aozt F zol7} fle AL
= =] > = =] =] 3T o
2 vehon, olel@ Astel Wi 3dA AWlA F o W3 HE 2 Bast AL
Aoz AU
10.0 14.0
—g—Irrigation (EC) —&— Irrigation {EC)
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8.0 [ —O—Rootzone (EC) —— Root zone (EC}
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;},E'- 60 F et
) s
w
4.0 F
20
20
0.0 3 . - 0.0 3 . k
2 4 & 8 10 12 14 2 4 6 8 10 12 14
Weeks after planting Weeks after planting
a9 4-6. #zZej7t =84 FAAMA FAA oA mE G4 E e EC 2 pH WS 10)
70.0 3.5
=@ Irrigation (EC}) —@—[rrigation [EC}
. 60.0 | —@—lrigation (NC) 3.0 | —@—Irrigation (NC)
=l —O—Root zane (EC) = ——Root zone (EC)
© 500 | —@—Rootzone (NC) > 25 | ——Rootzone(NC)
£ £
E 400 £ 20 |
g =
G 300 | 215 |
hd o
o
:f_ 200 S0 F
o a
z 100 0.5 -
0'0 1 i i i D_O 1 i i i i
2 4 & 8 10 12 14 2 4 6 8 10 12 14
Weeks after planting Weeks after planting
30.0 25.0
—@o— Irrigation (EC) —@—Irrigation (EC)
250 L —&—rrigation (NC) —@— Irrigation (NC)
- —{ Root zone (EC) . 200 F —O—Rootzone (EC)
o == Root zone (NC) ~ —— Root zone (NC)
3 00 =
£ E 150 +
é 150 | “-’
g J
g g | W
£ | % '/\_/o‘.——‘\
= U
50 i
0.0 : . ' 0.0 : . '
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Weeks after planting Weeks after planting

a9 4-7. shzejg) = SR AEAL FeA o
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10.0 15.0

—&—Irrigation [EC) —@—Irrigation (EC)
—8—Irrigation [NC} —&—Irrigation (NC}
= 80 | —{—Root zane [EC) = 12.0 —{—Root zone (EC)
B —&—Rool zone [NC) ~ ——Root zone (NC)
*] =]
E 60| E o0 |
E E
= =
g
c
40 6.0
8 8
> o
= 2.0 w 39 G
0.0 . . : . . 0.0
2 4 6 8 10 12 14 2 4 B B 10 12 14
Weeks after planting Weeks after planting

Y 48 welsh 8 FAAA G gl whE Fo

HE
rl
)

o] Frlo]l&Ex W3’ 10)

A AReA = 7 PBG A 712 Yo E gt FAA L2, & Hol2F 5 (EC
electrical conductivity) A|ojw}2] 2 F7]o] 25 %= (NC; nutrient concentration) A|ojwt2]o) wp&
< W EC, pH ¥ F7]ol2s = ®3E AT B3 274U, 5 127173 25
Z1-2e wE ZdW EC, pH ¥ F7|o] 5% WHalx ARt 4-93 4-10).

FAA| g2 o] ME Ao Hol&sx A7t Frlolsx ATl Hls|
# e EC, NOs-N, K, Ca & Mg ¥57F th4& EHolAl= AF S Uehiido. 184, + A
g ol R ApolE UEW A= Ft=dl, ols & AdddA AT R7F Ao =
o] SAFFZAE oAH7TA iﬁﬁ]% AN AAE A wE AP exety ATE o
r o] 2

ol
ry

1= 1=

il sE WIE ST AR 257+ ATl
s 1€7]1#< AgdTalA <d el EC, NOs-N, POy, K, Ca, Mg B SOy &=7F oA

= AIFS YUYt T A Fol 5U3 ko] wjdAS FTIFIE o, 2E7) 52 AT
o Hl3 1=7]82 A Fo)A HlABo] AAE AsHE= AL st 2= 9ot uwaka,
1271 AgA olgld ZdAd Frloles =9 e dxzgrt A& FEFT%F 7
of 710% Aoz FAsATH
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g 3
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0.0 0.0
4 € g 10 1z 1 186 12 20 2 24 2 4 6 8 10 12 14 16 ig 20 22 24
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a9 4-9. w7t w84 FAAMA FAA g B 27l mE F 3 @] EC E

pH ®3H(C 1D.
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3E 4-5, 4-6, 4-79 4-8L FAEE HF:FAH HAA 7E LAE
stk A JE 2 AEYE RAG A rER ‘¢
Yol 7EAsE JEEo] flof, FLAEHURE &34
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Sandard | Targetin | Analysisof [ Root b = Ca.
Element Reclre, oot root eny, Corrections | Comected fiipoly 2 Raw Eq.5um
Solution o, o, Coarr, g i water

1 25 3 4 5 6 (3 8 - | 10 11
EC 17 30 46 L7 20 20 2.0
pH 55 56
MNH4 0.75 05 4] n7s 0,75 0.75 0.75
K 575 5.0 151 1042 ~2 375 441 441 441
MNa 2.6
Ca 35 B5 1107 .04 35 412 0.66 .48 346
Mg 1125 3.0 4.16 287 .25 0375 1.03 019 .84 084
MO 1275 170 4554 1211 -2 10475 1265 1265 11.79
Cl 055
50, L0 30 532 360 075 075 .58 0.27 061 061
HCO, 0
HyPO, 10 1.2 278 163 0.5 05 {59 0.59 0.59
D
Fa 15 15 0 0 15 15 15
Mn 10 3 4] ] 10 10 10
n 4 7 0 ] 4 4 4
B 25 BO 4] 0 25 25 25
Cu 0.75 0.7 0 ] 075 0,75 0.75
Ma 5 05 0 0 05 05 0.5

Sancland for | Targatin  |-Analysie of | Anslyue of ot ; -
Sement | ppen o2t ront drain wv, | Conecions | comeen | oipec | 2T = ”‘;:“ 5
goer | ew | e | e | con Bey | e s

1 i 3 2 5 [; T [ g 0 u 1 13
EC 7] ip 46 a4 a1 0 10 L0 1.0
gH 55 36 55
Bk G473 03 g 0 073 75 075 075
K 65 50 151 1453 042 45 § 545 334 212 213
i 226 03
Ca b i3 1w 103 784 43 £5 AR FET] 066 109 109
Mg 15 L £16 393 a7 15 136 az 0ts 028 0.8
[a 155 170 4554 EELH N 155 1409 1021 18 188
cl [T [N
Sk 175 ik #Fs LFD 3.60 j Bry. j B 111 ax 021 a.28
HOOy 0 0
HE0y 125 13 a4 o | ro3 135 114 (i [-74 {51 a5l
e
Fe 15 15 ] 15 [i 15 15 34 1159 1159
Mn 0 5 i [ 1 10 114 §.86 B.86
n 5 7 ] 7 [l 5 3 1% 341 341
g ) B0 0 5 [ 3 n 1818 1182 1152
Cu ors [T i ] 075 078 014 059 0,50
Mo [T 0% o i a o5 f5 a1l 0 0,34

a9 4-12. EolFE AoE g Friol2d FUME ALMAE( 10)

[k
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£ 45 2B ARG FA2A TR0 AL A AEolEE ACE AT 4B L A
SEAE FAo TEXAY A Z1EC 1D
- A e EC 7] 0] &% =(mmol-L™)
g A | @Sm) | NH, K Ca Mg NO; SO | HsPO,
0 1.7 1.0 6.5 2.75 1.0 11.75 1.0 1.25
o o 1 0.25 45 3.5 1625 | 10.25 2.0 0.75
2 1.0 5.5 3.25 1.0 11.75 1.0 1.25
3 1.0 8.0 2.0 1.0 11.75 1.0 1.25
0 1.6 1.0 6.5 2.75 1.0 10.75 L5 1.25
1 0.0 3.0 4.0 2.0 9.25 2.5 0.75
2 1.0 5.3 3.1 1.3 10.75 15 1.25
3 1.0 6.5 2.75 1.0 10.75 L5 1.25
EnE
4 1.0 75 2.5 0.8 10.75 15 1.25
5 1.0 10.0 L5 0.5 10.75 L5 1.25
6 1.0 7.5 2.5 0.8 10.75 L5 1.25
7 1.0 6.5 2.75 1.0 10.75 L5 1.25
0 1.6 0.5 5.75 3.5 1125 12,5 1.0 1.0
1 0.0 3.75 45 1.375 11.0 2.0 0.5
3 2 0.5 4.75 4.0 1.125 12,5 1.0 1.0
9} 2] 7}
3 0.5 6.75 3.0 1.125 12,5 1.0 1.0
4 0.5 5.75 3.5 1125 | 12.25 1.0 1.25
5 0.5 5.75 3.5 1.125 12,5 1.0 1.0
0 1.7 1.0 6.5 2.25 15 11.75 | 1125 1.0
2o 1 0.0 5.0 3.0 2.0 10.75 | 1.625 1.0
2 1.0 5.5 2.75 15 11.75 | 1125 1.0
3 1.0 75 2.25 15 12.75 | 1.125 1.0
0 1.4 1.0 5.25 1.75 1.275 9.6 0.9 0.9
) 1 0.0 3.75 2.75 1.525 8.1 1.9 0.4
7450
2 1.0 4.25 2.25 1.275 9.6 0.9 0.9
3 1.0 6.75 1.0 1.275 9.6 0.9 0.9
0 0.7 0.8 2.2 0.8 0.6 43 0.5 0.5
1 0.3 0.7 1.55 0.85 3.8 0.8 0.5
4 2 0.8 1.7 1.05 0.6 43 0.5 0.5
3 0.8 2.7 0.55 0.6 43 0.5 0.5
4 0.0 2.2 0.8 0.6 3.5 0.5 0.5
0 11 0.75 45 1.6 0.4 7.25 0.7 0.6
1 0.25 35 2.1 0.65 6.25 1.2 0.6
7 vl 2}
2 0.75 35 2.1 0.4 7.25 0.7 0.6
3 0.75 55 1.60 0.4 8.25 0.7 0.6
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X 4-5(A1%). “£84] FAANE FAxA TR R Al AEolER AE 93 &
D YSHAE FAe] gF2A A 7FC 1D
4 = e F7)0] &% %(xmolL™)
B < A Fe Mn Zn B Cu
0 15 10 5 25 0.75
o o 1 15 10 ) 35 0.75
2 15 10 ) 25 0.75
3 15 10 5 25 0.75
0 15 10 4 20 0.75
1 15 10 4 30 0.75
2 15 10 4 20 0.75
Eule 3 15 10 4 20 0.75
4 15 10 4 20 0.75
5 15 10 4 20 0.75
6 15 10 4 20 0.75
7 15 10 4 20 0.75
0 15 10 4 25 0.75
1 15 10 4 35 0.75
o397} 2 15 10 4 25 0.75
3 15 10 4 25 0.75
4 15 10 4 25 0.75
) 15 10 4 15 0.75
0 15 10 5 25 0.75
S 1 15 10 ) 40 0.75
2 15 10 5 25 0.75
3 15 10 5 25 0.75
0 10 10 5 30 1.0
=705 1 10 10 5 40 1.0
2 10 10 5 30 1.0
3 10 10 5 30 1.0
0 15 5 3 20 0.5
1 20 5 3 27 0.5
7 2 15 5 3 20 0.5
3 15 5 3 20 0.5
4 15 5 3 20 0.5
0 25 5 3 20 0.5
Awa 1 35 5 3 30 0.5
2 35 5 3 20 0.5
3 25 5 3 20 0.5

- 100 -




3E 4-6. ‘w8 FAANE FAzA Z2IH7 JE A JEolFE Ao E 9% AEE A
53z 44 712C 1D

4 = EC 7] 0] &% S (mmol-L ™)

- (dSm™) NH, K Ca Mg NO3 SO4 3
2 o] 2.7 0.5 8.0 6.5 3.0 18.0 3.5 0.90
EulE 3.7 0.5 8.0 10.0 4.5 23.0 6.8 1.0
gz g7} 2.7 0.5 5.0 8.5 3.0 17.0 3.0 1.2
7F A 2.7 0.5 6.2 6.2 4.5 20.0 3.0 0.9

F71Ysxt 2.7 0.5 8.0 6.5 3.0 18.0 35 0.9

A 2.0 <0.5 5.0 5.0 2.5 12.5 2.5 0.9
A w2k 2.0 <0.5 6.0 5.0 2.0 13.0 2.5 1.0
- 70l &% =(xmolL™) 7] 0] &% = (mmolL™)

Fe Mn Zn B Cu Mo Na Cl HCOs

L 9 25.0 7.0 7.0 50 1.5 0.50 8.0 12.0 1.0
EntE 25.0 7.0 7.0 50 0.7 0.5 8.0 12.0 1.0
g}z 2] 7} 15.0 5.0 7.0 80 0.7 0.5 8.0 12.0 1.0
7F A 25.0 7.0 7.0 80 0.7 0.5 6.0 6.0 1.0

F71Y&Ht 15.0 7.0 7.0 60 1.0 0.5 8.0 10.0 1.0

& H 25.0 3.0 3.5 20 1.0 0.5 6.0 8.0 1.0

Al 2} 40.0 3.0 5.0 40 1.0 0.5 6.0 6.0 1.0
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FA4-7 R FAANE FA=A Z2337 AT A Rl EE AoE ST FAEdE st
J

- 24 7] 0] &% =(mmol-L ™) 2710l % =(ymolL™)

B @A | K Ca | Mg | NO3 | so4 | P Fe | Mn | Zn B Cu
1 4.5 3.5 1.5 11.0 2.2 0.30 15 3.0 3.0 25 0.5

2 5.9 4.9 15 134 2.2 0.59 | 17.9 3.0 4.9 39 0.8

2 o] 3 10.0 8.0 4.0 24.0 4.5 1.20 | 35.0 | 10.0 | 10.0 70 2.3
4 13.0 | 11.0 4.0 27.0 4.5 1.75 | 50.0 | 15.0 | 15.0 100 3.7

5 13.0 | 11.0 4.0 27.0 4.5 1.8 50.0 | 15.0 | 15.0 100 3.7

1 5.0 6.0 2.7 14.0 4.0 0.70 15 3.0 3.0 15 0.3

2 6.4 7.9 2.7 16.9 4.0 0.70 | 17.9 3.0 4.9 34 0.4

EnE 3 10.0 | 12.0 6.5 28.0 9.0 2.00 | 350 | 10.0 | 10.0 65 1.5
4 13.0 | 15.0 6.5 30.0 9.0 2.00 | 50.0 | 15.0 | 15.0 90 2.5

5 13.0 | 15.0 6.5 30.0 9.0 2.00 | 50.0 | 15.0 | 15.0 90 2.5

1 3.0 5.0 2.0 8.0 2.0 0.50 | 15.0 3.0 3.0 40 0.3

2 3.9 5.9 2.0 9.9 2.0 0.89 17.9 3.0 4.9 59 0.4

b Sl g 3 8.0 10.0 4.0 25.0 4.5 1.50 | 35.0 | 10.0 | 10.0 100 15
4 9.5 11.5 4.0 27.0 4.5 1.90 | 50.0 | 15.0 | 15.0 120 2.5

5 9.5 11.5 4.0 27.0 4.5 1.90 | 50.0 | 15.0 | 15.0 120 2.5

1 4.0 3.5 3.5 12.0 15 0.50 | 15.0 3.0 3.0 35 0.3

2 4.9 4.4 3.5 14.9 1.5 0.59 17.9 3.0 4.9 54 0.4

7F A 3 8.0 7.5 5.5 25.0 4.0 1.20 | 35.0 | 10.0 | 10.0 90 15
4 10.0 | 10.0 5.5 27.0 4.0 1.75 | 50.0 | 15.0 | 15.0 120 2.5

5 10.0 | 10.0 55 27.0 4.0 1.75 | 50.0 | 15.0 | 15.0 120 2.5

1 4.5 3.5 1.5 11.5 2.2 0.30 6.0 3.0 3.0 25 0.3

2 5.9 4.9 15 14.9 2.2 0.59 8.9 3.0 4.9 39 0.4

F71Y 8t 3 10.0 8.0 4.5 24.0 4.5 1.20 | 25.0 | 10.0 | 10.0 70 15
4 13.0 | 11.0 4.5 27.0 4.5 1.75 | 40.0 | 15.0 | 15.0 100 2.5

5 13.0 | 11.0 4.5 27.0 4.5 175 | 40.0 | 15.0 | 15.0 100 2.5

1 3.0 3.0 1.5 6.0 15 0.30 | 15.0 1.0 2.0 5 0.30

2 3.9 3.9 15 7.9 15 0.59 | 19.9 1.0 2.9 9 0.49

& H 3 7.0 7.0 4.0 16.0 4.0 1.20 | 35.0 4.0 5.0 25 3.00
4 9.0 9.0 4.0 18.0 4.0 1.75 | 50.0 6.0 8.8 30 4.00

5 9.0 9.0 4.0 18.0 4.0 1.75 | 50.0 6.0 8.8 30 4.00

1 4.0 2.5 1.0 6.0 15 0.30 | 20.0 1.0 3.0 20 0.3

2 4.9 3.9 1.0 7.9 1.5 0.69 | 29.9 1.0 3.0 34 0.4

A w2k 3 9.0 7.5 3.0 16.0 3.5 1.30 | 60.0 4.0 7.0 60 2.5
4 11.0 8.5 3.0 23.0 3.5 2.00 | 70.0 6.0 13.0 80 4.0

5 11.0 8.5 3.0 23.0 3.5 2.00 | 70.0 6.0 13.0 80 4.0
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E 4-8. w8 FAANE FA2A 22337 AT A RElEE AoE AT FEE BA
J

- z3 1A Zh(mmol-L ™) B (%)

B @A | K Ca | Mg | NO3 | so4 | P Fe | Mn | Zn B Cu
1 30 | 20 4.0 0.5 | 50.0 50.0 | 50.0 | 50.0

2 15 | 10 | 05 | 20 | 075 | 025 | 25.0 | 25.0 | 25.0 | 250 | 25.0

Q o 3 0 0 0 0 0 0 0 0 0 0 0
4 | -15 | -1.0 | -05 | -2.0 | -0.75 | -0.25 | -25.0 | -25.0 | -25.0 | -25.0 | -25.0

5 | -3.0 | -20 -4.0 -0.5 | -50.0 | -50.0 | -50.0 | -50.0 | -50.0

1 40 | 20 4.0 50.0 50.0 | 50.0 | 50.0

2 20 | 1.0 | 08 | 20 | 075 | 0.25 | 250 | 25.0 | 25.0 | 25.0 | 25.0

EntE 3 0 0 0 0 0 0 0 0 0 0 0
4 | -20 | -1.0 | -0.8 | -2.0 | -0.75 | -0.25 | -25.0 | -25.0 | -25.0 | -25.0 | -25.0

5 | -40 | -2.0 -4.0 -50.0 | -50.0 | -50.0 | -50.0 | -50.0

1 30 | 20 4.0 0.5 | 50.0 50.0 | 50.0 | 50.0

2 15 | 1.0 | 05 | 20 | 075 | 025 | 25.0 | 25.0 | 25.0 | 250 | 25.0

7= 8 7} 3 0 0 0 0 0 0 0 0 0 0 0
4 | -15 | -1.0 | -05 | -2.0 | -0.75 | -0.25 | -25.0 | -25.0 | -25.0 | -25.0 | -25.0

5 | -3.0 | -20 -4.0 -0.5 | -50.0 | -50.0 | -50.0 | -50.0 | -50.0

1 30 | 15 4.0 05 | 50.0 50.0 | 50.0 | 50.0

2 15 | 075 | 05 | 20 | 05 | 025 | 250 | 25.0 | 25.0 | 250 | 25.0

7} A 3 0 0 0 0 0 0 0 0 0 0 0
4 | -15|-075| <05 | -2.0 | -0.5 | -0.25 | -25.0 | -25.0 | -25.0 | -25.0 | -25.0

5 | -3.0 | -15 -4.0 -0.5 | -50.0 | -50.0 | -50.0 | -50.0 | -50.0

1 30 | 20 4.0 0.5 | 50.0 50.0 | 50.0 | 50.0

2 15 | 10 | 05 | 20 | 025 | 025 | 250 | 25.0 | 25.0 | 250 | 25.0
F71U s | 3 0 0 0 0 0 0 0 0 0 0 0
4 | -15 | -1.0 | -05 | -2.0 | -0.25 | -0.25 | -25.0 | -25.0 | -25.0 | -25.0 | -25.0

5 | -3.0 | -2.0 -4.0 -0.5 | -50.0 | -50.0 | -50.0 | -50.0 | -50.0

1 | 125 | 075 2.25 0.25 | 50.0 50.0 | 50.0 | 50.0

2 |0625(0375] 02 |1125| 025 | 0.125| 25.0 | 25.0 | 25.0 | 250 | 25.0

2 3 0 0 0 0 0 0 0 0 0 0 0
4 1-0.625]-0.375| -0.2 |-1.125| -0.25 |-0.125| -25.0 | -25.0 | -25.0 | -25.0 | -25.0

5 | -125]-0.75 -2.25 -0.25 | -50.0 | -50.0 | -50.0 | -50.0 | -50.0

1 20 | 08 3.0 0.3 | 50.0 50.0 | 50.0 | 50.0

2 10 | 04 | 015 | 15 | 025 | 015 | 25.0 | 25.0 | 25.0 | 250 | 25.0

7 o 2} 3 0 0 0 0 0 0 0 0 0 0 0
4 | -1.0 | -04 | -0.15 | -1.5 | -0.25 | -0.15 | -25.0 | -25.0 | -25.0 | -25.0 | -25.0

5 | -20 | -0.8 -3.0 -0.3 | -50.0 | -50.0 | -50.0 | -50.0 | -50.0
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