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Abstract

In this study, the combined effects of nitrogen reduction and potassium silicate (K,SiOs) application on lettuce growth,
effluent ion composition, and electrical conductivity (EC) were evaluated in a recirculating nutrient film technique system. A
2x2 factorial design was applied with two NOs~N levels (Standard N: 8 mM; Low N: 1 mM) and two silicon treatments (Si*:
1.5 mM Si; Si: untreated) in which NO3™ in the Low N treatment was substituted with Cl” and SO4*" by using a modified
Hoagland solution. Low N significantly reduced all growth parameters (p { 0.001), whereas K;SiOs additively enhanced
growth regardless of nitrogen level (p € 0.05). In the effluent, NO3;~ was nearly eliminated under Low N, whereas substitute
anions (CI", SO4) accounted for 44-47% of total ions. K,SiOj3 application further increased residual K* and PO~ derived
from the silicon source and H3POs-based pH adjustment. EC increased by 23.3-28.5% under Low N, with an additional 6.0—
10.5% increase from K3SiOj3. Centered log-ratio principal component analysis resolved the EC elevation into two independent
mechanisms: substitute anion accumulation (PC1, 43.70%) and K*-PO4~ loading from the silicon source and pH control
(PC2, 40.21%). These results demonstrate that, while the combined strategy effectively reduces nitrogen discharge and
partially compensates for the growth suppression, it concurrently elevates EC through substitute and accompanying ion
accumulation.

Key words : Recirculating hydroponics, Nitrogen reduction, Potassium silicate, Effluent ion composition,
Electrical conductivity, Centered log-ratio PCA
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Table 1. Experimental treatment combinations of NOs~N concentration levels (Standard N, Low N) and K,SiOs supply (Si*, Si")
in the recirculating NFT hydroponics lettuce cultivation system

Label Nutrient solution NOs—N set point K3SiOs supply
Standard N-Si* Hoagland 8 mM 1.5 mM Si
Standard N-Si~ Hoagland 8 mM -

Low N-Si* Hoagland+modified Hoagland 1 mM 1.5 mM Si
Low N-Si Hoagland+modified Hoagland 1 mM -

Table 2. Composition of stock solutions used to prepare 100X concentrated Hoagland and modified Hoagland Nutrient

solutions
Compound Stock concentration (M) Volulrgg)go(;lilo;lg)l and HZZ;TZE flo 6 On)zo(iiiiic’ll)
Ca(NO3),'4H,0 2.0 250 -
KNO; 2.0 250 -
CaCly2H;0 2.0 - 250
K3SO4 1.0 - 250
KH,PO4 2.0 50 50
MgSO47H,0 2.0 100 100
Micronutrients (1000 x stock) - 100 100
Fe-EDTA (1000 stock) - 100 100
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2022). 12y FR] Ao AGE4E AL
g9 542 Qs 2 Y ol2H|7F Ba
geir] L, ol gt Extddo] fFASh viE
H]lo] & &4 Slth= Fo] A &= o] ghk(Miller
et al., 2020; Son et al., 2020). AA| = &34 Hhaps
Z(nutrient film technique, NFT) 43 Aol A=
e 717F B9t Fl 249 A HRKEAR Y 5
T A4, Zw sl AdA 7 )7t s, =
A AL A= Tt R a0l 24
o] x4 H3LE 1 AT Bart 3th(Vought et al,,
2024).
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AA = A HNeocleous et al.,
Giannothanasis et al., 2025). 121} A4 &
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WA 7MY, 7)1 E X (electrical conductivity, EC)
Feg 2T 7ol Adt(Neocleous et al.,

2024). ololl A4 A7 o] EC ¥gke} o\ 53
AE 7 =2] B7tste Aol Fasitt

HH, A A9 2AoA U= S AskE &
slolr] et o g fAsktE g8o] 7hssttt
(Campos and da Silva, 2023). 74+ thEE9] A&
oA YA R BREA] AT ot 8 AEd|
2 ZONA S Hebshal A=) A2y A8

=olE FYUYAR RUEHLuyckx et al., 2017).

EG, FASKEE0] As AY AN S A5
w220z getstel, Wi AT LGPA] B8 s
St

Ao 2 A Eti(Khan et al., 2023; Costa et al.,
2024). 18y FASHFE] SHE= o]&o] ¥l =
dol vl A= FFE EloF ot pH 2d A2 5
off R XA FFE & 4 UoKBiru et al.,
2023). wEbA] A5 31 aakel vjE4 o2 24 W

=

s FAlo] Bokwl oo} gict,
7 AT Ak AL AN BEE A2 B
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2.1 A A Y 227

2 AEL2 &3] NFT 7234 458 e,
Folo] A AAL(NOs-N) 5E4(Standard N,
Low N) T+423RRMHE(K,Si0:)°] 35S, Si)=
QIO & Sh= 2x2 S gl o g A5t
A= F 470 A3 F(Standard N-Si*, Standard N
=Si", Low N-Si*, Low N-Si)E 5t tHTable
D). ZF A7 S99 NFT A'd- 93 992 33 gt
Bt FHS 100% 24 A EHE wehilow

Pt B4 27] Ru= 15 L= A5kl

NO;-N FX& FE3517] 6t Standard N *]2]
T A Y FHY] 57 FE= 5T A
i 5471&Zdo|(RDA, 2021)E Halste] 43 45
of] gt 8 mM NO;-N= 2435kt ¥hH Low N
Ao B 5= F99%(Buropean Union,
EU)9] sAFT dAa 45 oF3E 95 AidaFef
F9(nitrate vulnerable zones, NVZ) Al 7|&
(BEC, 1991) &1 A5t NO3™ 5% 50 mg L& #aL
St olof] -85tz =91 1 mM NOs—N (2F 62 mg
L N03 )i M;Go}om;]- _'_& %‘—H—_E 11-10}7] %gﬁ
Hoagland and Arnon(1938)& 7|92 &= F79]
155 FH(Hoagland solution, modified Hoagland
solution)e BERE ZASIHCH, o] NFT B3
EQs5td] Standard N¥ Low N9 NO;” 5 =& =4
skt

155 FHL2 Hoagland and Arnon(1938) 715t
oz Ht gl ARgo] golste = 1008 55 FHlz £
A5t (Table 2). Hoagland solution< ¢ &4-&

wt© ™| modified Hoagland solution A4-33¢

2747 EC Wiste] A= FF 563

"% Zﬂﬂﬁ}ﬂ ’?46]1 Ca(N03)2'4H20 EH}?_] CaClz'ZHzo
£, KNO; 4! K,S04= 2| gksto] 2A|5k31Tt. of of,
KoSO4= 18Y K 252 sllElst2=2, K,S04 stock
|H] Fh= K a5 5E KNOs¢t 5EsHA 54
5}7] Qo] Aut Hrol 1 M2 AR5t}

T TEUCREE AT AR SIO;) &4
(th3= Extra Pure; SiOz 20.1%, K20 8.0%, Hl%
1.242; CAS 1312-76-1)2 &5 B3 A 7 3=
ste] Sit A+ FEE 1.5 mM SiE FA5HAT
(Kaloterakis et al., 2021; Mavri¢ Cermelj et al.,
2022). Si- AT KSiOss 350k g2 FA ]
gz 2, Sit Aot YT 9 a2 AEske
ot 2 AFolAE KpSi05 A F] Al F8EEl= Kol tisl
M AR BAS AASH] Agl=d], ol EA&
FESHE a0l e 57 5ol §-94& Ahdsta,
7 27004 A8 K Si0; A Al FEE Kol 9
= 8 7}0}7] Aol
Gl YT §+E 22 H Hoagland solution
It modlfled Hoagland solutione T35t 24
sth FHel NOs- ke Hitol=47]
(LAQUAtwin NO3-11, HORIBA, Japan)Z %5t

o™, Standard N # 2|7+ Hoagland solution&
%ﬁ F2(8 mM NO;-N)7H2A] =45t Low N A
2]7-= Hoagland solution2 X 5%(1 mM NOs
-N)7tA] F43t 5, H-&=+= Standard N A&+
B39 F gl FYFo]l UASHEE modified
Hoagland solution& F7Fsto] 2G5ttt ol &
o F A2l 7 NOs ™ ©]9]9] thFedAa By 2
Aot FAISHHA NOs = CI'h SO4 2 2%
= EEoto] Frloheleh, G BE5e 2~39 1t
=2 AAIstent Standard N AHg7= B3 70t
Aag Hourg 8505 BEstglon, -85 Lo
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Fig. 1. Schematic diagram of a recirculating nutrient film technique (NFT) hydroponic system used in this study.

A W Si FH-E F517] 2180 KoSi0; 750l wE A
29(Sit, SiT )E RSt 2197 (BSE 23~44%)
AE £4& frotdtiHaddad et al., 2018). 2 &
To A HaA A AE2 KSi0; 35 SYUAHEHE 14¢Y
M-S 31~44%) 24 AZ5(Standard N, Low
N)E ot A2 1yst3Tt.

A7 B AR W /oK 25 20+2TC, A

S 60+10% RHOZ {Ast3ict. ¥ LED
(LM301H-EVO, Samsung Electronics, Korea)s
ArgatRor, FE7] 16413 B§71/8413F 471, B&
AG83FHE DI (photosynthetic  photon  flux
density, PPFD) 200 gmol m™%s'® F2|5FAt
(Igbal et al., 2022). ¥4 2] pHE 5.7~6.32.2 ]
at¢leH, DO 6.4~7.1 mg L', 42 20.1~22.2C
HAZ FAsHAT

23. 4533

i A3 AR F2HE49) A4S 6HAE
Fgoto] As ARE ST g4 SR
Algstelar, g zF AAAlA 7S Zoll AN
H 394 oS tAd 7R &9 § Fiji AZE
Al (https://imagej.net/software/fiji/) & -85t
45t tH(Schindelin et al., 2012). A5 AAAF
4 AEF2 HUAALE(EL204, Mettler-Toledo,
Switzerland)& ©|-§-5to] ZAotqict. AAF-2 g
AT ZA5toH, AEFT2 A=E 70C €3 1=

71(OF-W155, DAIHAN Scientific, Korea)°llAl
72A17t Bt 5] AERAIX § A 5ho] Hiol onj

2% Wrpsksiet.

Ah 24 Aol APH AHS Day 122 51,
A F=5[Day 14712 F 6 Al Z2A vjE42
pH, ECE &7st%ith. pH ¥ EC+= Fi& o354
A=A 7](Professional  Plus  Multiparameter
Instrument, YSI, USA)E AH&5te] 4=l B3
25 7 Aol g 3o|A A5t FHe] pHE
RDAQ021)E #arste] 6.0+£0.3 HH=E AAHA
ot A FF Al pH 6.3 =7 H-¢ 4 N H3POy

2.4.2. N2 22| L Hdxi2
ol Tk BAZ {5 &S AR EC 594 &
g Aol ZF |30l 50 mL AF s A5
A& StHoly] Qo A5 A &8 HoE 10%
7ot A W FHS S0 2otk A
A&E 0.45 pm PVDF A1#2] EE(Whatman,

UK)E F-fee A7 5 E2o029 8710 &4

ol R e
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Table 3. Operating conditions of ion chromatography (IC) for the analysis of major anions and cations in the hydroponic

effluent
Parameter Conditions (Anion) Conditions (Cation)
Column JTonPac AS14 (250 mm % 4 mm 1.D.) TonPac CS12A (250 mm X 4 mm 1.D.)

3.5 mM Sodium Carbonate /

1.0 mM Sodium Bicarbonate 20 mM Methanesulfonic acid

Eluent composition

Eluent flow rate 1.2 mL min™ 1.0 mL min™
Back pressure 1400 psi 1000 psi
Injection volume 25 ul 25 pL
Suppressor ASRS 500-4 mm CSRS 500-4 mm
Column temperature 30°C 30°C
a) 25, N** | it NxSi [l Si+ b)) 350- N*** | Si*| NxSi [l Si+
[ Si- [ Si-
J | Ba
3 20 Ba pBp & 280 Bb
s - £ .
2 15- < 210-
:
S 104 < 140-
[ ©
3 3
Z 5 70
] 0-
Standard N Low N Standard N Low N
©) . . )] , . -
1000 N*** | Si**| NxSi I Si+ 40 - N*** | Si**| NxSi [l Si+
< Aa S~ o Si -
o -
o Q 32
) Ba gy, >
s =z
: g 24
£ £
: -
8 B
= B
: i
» o 0
Standard N Low N Standard N Low N

Fig. 2. Growth characteristics of lettuce: number of leaves (a), leaf area (b), shoot fresh weight (c), and shoot dry weight
(d) as affected by NOs~N concentration levels and K;SiOs treatments. Values are presented as mean+SD (n=3).
Different letters above the bars indicate significant differences among teratments at p € 0.05 by Tukey’s HSD test.
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2.4.3. O|2A=0IET2HT] 24

HfE4-0] F2 5ol 2(NOs’, CI, S04, POS) &
Fol&(Ca*, K*, Mg¥, Na') 5t ol La2ntE]
I (Dionex ICS-1100, Thermo Fisher Scientific,
USAYE &-8ato] HF =A5FItHTable 3). &l
HAole DO R JonPac™ AS 14 AR, o5
S 23,5 mM Na,CO3¢ 1.0 mM NaHCO; 23} 8-°f
S ARSI o™, G452 1.2 mL min 12 AA5FAT
ol EAol= 1O = JonPac™ CS12A A
2, o542 R 20 mM HEtEE Hmethanesulfonic
acid, MSA, CH3SO3H)& AH&stalon], 42 1.0
mL min ' & AAsA} F B BE A5 FTF
225 pl, A¥ 5= 30CE FA5t9eH, 24 7

£ =o)7] $18l AT G A 71 (suppressor) & 24
skt

2.5. 34| 24 4 CHHE A= SN

==

<=

= ALY Ase 33 RO P+ IEFHER
(mean+SD, n=3)2 AAsIATE BA A=
OriginPro2025 (OriginLab, USA) £ZEgJo|E &
&3kt NOs-N = =) K,Si0; 35(S)2
Faytd & g2l 7ho] A4S &8N x Si)2 E45H7] ¢
Sf| o] YuA] EAHE A (two-way ANOVA)S 434513
o Fojdo] YeR A2 TukeyS] HSD (honestly
significant difference) A4S &-8-oto B 3t
ztolg FRlsttt. &4 o] 2 244 9] thigF 125
a4st7] fall, 859 ol v A= (mmol L)E &
A2 4] (centered log-ratio, CLR)= H3et & =
£ EX(principal component analysis, PCA)=

Ystect.

3
s
T

3. Z2at Y gt

3.1. NON & $22} KSI0; B30 T2 HE 4
8 54

NOs;-N 5= o mhE &5 A5l nAl= 3

e B4 23t Low N AE+= ZE A5 X2E
AN = AEFE EAHFig. 2). Standard N A2
Tt v et o Low N 42|79 G4-= 11.1~12.4%,

A2 11.0~15.5%, AR BAF2 16.1~16.8%,
I AFE AESE 16.0~16.6% A5t o
2] BAEA A3l NOs-N 5k 2 12 F5
= ofl Al f-ofstaie(p € 0.001). ©]2]
S Avbs B AERANA NOs-N &7t A5 99
gy} vpo] @A ZAof Fat Algtadlor A8
S22 HoFtHLiu et al., 2022).

A K,Si0s5 357 2AA+E Standard N+
Low N Ae|7 BEoA A& 2|75 FIAZH Sit
et Sit AT tiH] G4 2.9~4.4%, HHA
4.3~9.9%, AV WAE 7.2~8.1%, AR UEF
9.0~9.7%°] 7+ UEtHSith KoSi0s 3859 8
= FRAA oSk (p € 0.05), a7, AGE-
AAZ, AdF AEFAAE ol ol BAtHp
{0.01). 13 NOs-N =2} K,8i10; 3& ZH AT 2
B2 BE S A BmAA fI5HA] dtHp > 0.05).
ol K;Si0s 3a BIVF EX NOsN s ARt =
=7 o1, =Yo7 2859l AIAFRITE

ox
Ho
R
B

3.2. Hig= L 2 o|2== ¥ EC #3}

&= F£9 o] ECE NOyN 5 &5 %
K:Si0; &gl wEt ztolg UeEbHItHTable 4).
Standard N A& 7oA NOy” &+ 431.4 ~ 456.1
mg L &0l ot} Low N A2 Fo A= 1.4~ 1.6
mg L' 522 YopHeh ¥ 9t SO ke
Low N AgFolA Z+zF 190.6~205.2 mg L' ¥
376.9 ~ 377.1mg L' %22 et Standard N
Ag]FE} =9kt E9 PO e Sit A 2ol A
168.9 ~ 175.7 mg L&, Si” X2]17¢] 81.7 ~ 100.8
mg L' 2ot =7 vebdTt

FololAE K FE7t Sit AEFolA 113.4~
121.1 mg L'2, Si” A#72] 62.2 ~ 74.6 mg L' K.
o} =7 et Ca?t 55 188.5 ~ 202.8 mg L™
Hel2 BE Aol Hud =4 §A=eH,
Mg” 5E+=45.6~49.0mg L}, Na" 5= 11.4 ~
18.4 mg L' M$]2 Yep} Kol vla) A 3t §is)
Zo| Zgkrt,

HlE49] ECE Standard N-Sit *]2]7tolA
1.23£0.02 dS m’!, Low N-Si* HgFolA
1.58+0.04 dS m™, Standard N-Si~ A&7l
1.164£0.03 dS m!, Low N-Sii Ao
1.43£0.06 dS m'& Yeth(Table 4). Low N A
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Table 4. lon concentrations and electrical conductivity (EC) in the hydroponic effluent under different NO3~N concentration
levels and K;SiO; treatments. Values are presented as mean+SD (n = 3)

Parameters Standard N-Si* Low N-Si* Standard N-Si~ Low N-Si~
Anions (mg L)

NOs~ 431.4%38.6 1.6+0.2 456.1+£28.0 1.4+0.2

SO 200.1£3.6 376.9+2.0 174.1£0.6 377.1+1.4

cr 0.8+£0.0 205.2+0.1 0.6+0.0 190.6+1.0

PO 175.74£6.0 168.9£2.6 81.7x1.5 100.8+1.1
Cations (mg L)

Ca® 188.5+0.7 192.9+0.6 189.6+0.5 202.8+0.7

Mg? 48.7+0.2 48.8+0.2 45.6+0.2 49.0+0.1

K* 121.1+1.3 113.4+0.7 74.6£0.5 62.2+2.8

Na* 18.0£0.1 18.4+0.0 11.4£0.2 17.1£0.0

EC(dSm?)® 1.23£0.02 1.58+0.04 1.16+0.03 1.43£0.06

2 Two-way ANOVA showed significant main effects of NOs~N concentration (***p  0.001) and K,SiO;3 supply (**p < 0.01) on EC.
The ineraction (N X Si) was not significant (p ) 0.05).

Relative ionic composition (%)

22%

o | N s L%
Standard N-Si+

40+ 22%
9%

20- ’
14%

9%

13%

Low N-Si+

Standard N-Si-

25% 26%
10% 10%
10% 8%

Low N-Si-

Fig. 3. Relative ionic composition (mol%) of the hydroponic effluent as affected by NO;~N concentration levels and K;SiOs

treatments.
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2|7-9] ECE Standard N A 2]FEt}t 23.3~28.5% =
Srom, Sit A9 EC+ Sit A=FHET} 6.0~10.5%
EA Yepsttt, o] duljx] E4HEA A3h ECE 2%1”]
NOs—N L sEI K2SiO; 54 | chsll 25 <)o}
A Aot oAz p<0.001, p<0.01), F 831 7t
FEAEL FO5HA WSHp ) 0.05). °l+= NOs—N
= A2} K,Si0; 33°] B5F vlE49] EC A
=

1]o] 918 HolZeh

g

_Tq-_'

3.3. Hiig= L O] 2 244 3}

HiE0] AdiE o] 2442 NOsN 5% 429
mre} xFo] & YEPHASHFig. 3). Standard N A=+
o A= NO; 7HAA o]2 24 F 32~39% 5 ZFA|5H
F8 Fol2eg Yeid ¥, Low N AHFHA+=
NO; 9] HZFo] 1% PRt =0 & Wopxinh, ¥, CI°
oF SO 2] H1F0] 247 26~27% 2 18~20%7HA] Z7F
St Standard N A 242] 1% v|gt 2 10% <=2+ &}
o]& Bt} o]= Hoagland solution®] NOs & CI°
SO 2 A%st] ZAIFT modified Hoagland
solution &/go] HjESo] Wr = 3-& HoErt

K;SiO; 55 f-7oll o viE4 W o] 29| 2t
ol YRttt Sit A7 ellA Kot POS 9] HIE2
Yzt 13~14% 9 8~9%= UERY, Sit AHZT9
8~10%, H 5%Et T2 AFS Balch ¥Hi, Ca®*et
Mg*" HIZ-2 Sit A2l ellAl 22% 2 9% T2, Si7
A 25~26% 2 10%ETH FA Yepedtt o]zt
A= KpSi0; 3wl mhE K' S 57} Hlgs2
A ol 24 wEte} 3 UeElt3-& HojETh

3.4. ¥AHo| pH 72| 2 F HPO, £ 3}

AEf71ZE sS4t 2E A2 FH pHe 24 #9
HellA A= Fig. 4a). pH FAE sl 4t

(H3POg)= AHEstR o, 4 FQekd Ae|to] o}
g zpolE UERHATHFig. 4b). H3POs FUFS
Standard N-Si* #2]7o|4] 28.3+1.2 mL reservoir '
2 7P =911, Low N-Sit Ag4= 23.7+0.6 mL
reservoir |, Standard N-Si~ A2]7e14 18.0+0.0
mL reservoir !, Low N-Si” A&7+ 13.740.6 mL
reservoir |2 et H;POs FUFHS NOs-N 5
= 0 KSi0; 3wl Hish 257 foldt F=avE
e ek (p € 0.001), 5 821 7+ Fo2-8-2 /o

£ @

ahgl

SFA] Fott.

Sit HEFe] HPOs FYPFS Sit AFEC
57.2~73.0% =7 U o™, o]= K,Si0;5 4-8-<0]
AYHA O 2 pH 11~12 F=o] et &)/ dS e
D 2(OMRI, 2023), 5L pH HHE FA5H7] gt
At @] ZobeHel7] wiREe® whohech S,
Standard N A& 78] HsPO, FYHF2 Low N A&+
Bt 19.4~31.4% =A Hetgt=d], ol NOs &4
9 F3ttd A] OHT, HCOs 7} HE =AY H7F 4H]
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Fig. 4. Temporal changes in the nutrient solution pH (a) and cumulative H3POy input for pH adjustment (b) under different
NOs-N concentration levels and K;SiOj; treatments in the recirculating NFT hydroponic system. Values are presented
as mean+SD (n=3). In (b), different letters above the bars indicate significant differences among treatments at p <
0.05 by Tukey's HSD test.
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