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Screening of Surfactants for Foliar Application of 6-BA on Leymus chinensis

XU Xin-xin', ZHANG Chen-hui’, MA Xi-qing"
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China Agricultural University, Beijing 100193, China)

Abstract: To screen surfactants suitable for foliar application on Leymus chinensis and capable of enhancing the
absorption efficiency of 6-benzylaminopurine (6-BA), five surfactants (Silwet 408,SDS,MES,DDM, orange)
commonly used on hydrophobic leaves of gramineous plants were evaluated based on surface tension, critical
micelle concentration, contact angle, and maximum stable retention. The results showed that the leaves of L.
chinensis exhibited super hydrophobicity, and the apparent surface free energy at the heading stage was signifi-
cantly lower than that at the regreening stage (P<C0. 05). Polyether-modified silicone Silwet 408 exhibited the
optimal performance, achieving the lowest surface tension at the critical micelle concentration (21. 27 mN-m™")
and complete spreading (contact angle <C5°) at both growth stages, followed by orange peel essential oil. SDS
and orange peel essential oil showed the highest retention at the regreening stage (36. 16 mg+cm™*) and heading
stage (34.60 mg-cm™?) , respectively. Therefore, Silwet 408 is recommended as the preferred surfactant,
while orange peel essential oil serves as a green alternative at the heading stage. This study provides a theoreti-
cal basis and technical support for efficient delivery of foliar regulators in L. chinensis.
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FE 5K 73 v, A KR I 5T 2 R T Y 4% ik £ 35 110°
DAL SEOTURROR 2 30 %6 . FEZGWP RN 0. 1%
A HLAE B ) AT fdf LR gk S BE & 22 mN-m 'L i
Fri w47t 50% DL B RO B L X R A AR
2 FH AT 294 7 A DR B AR T PR G 42 4 AT
TR XL B, A T L R R TS R A
1N B 7ire £ Y S TITR RN i s o 3 7248

8 (Leymus chinensis) A R A< Bl i 5 Jg@ FH 4
S E BRSBTS MR
b AR S R 2R B B AR R AR O
AR5 A TC M BB GE ) 38 H R SR A P o
B B A B E M, AR
TR IERRE RN 2 A PR T I A R
I 45 SR AR W A R A X R, IR A A
fie 77 2 PR ™ Mk & R R . BF SR A AR
¥ 4= K I8 35 7] (Plant growth regulators, PGR) 1]
BEXTHE 4 S AW AN T PR RE U BN, H )
Jiti 6--1% & JE 12 ¥ (6-benzylaminopurine , 6-BA) A I
5 2 AW A A K A Rl R #E K RS (Oryza
sativa) /N F (Guizotia abyssinica) 55 Fh - K 52
AR S E WS E RS R R AR
B R KRR TR RE RS S K
FETAR T, Ay S A (9 i /K 254, AT R ] 6-BA AE ) 4=

T 7R o R UL SR T R (N e Bk 2 WY IR
U7 1 T T 45 O e LA AT 288 e IR R B B o L/ Bt
FE B A BB PGR N8 35 50, H 22 5% 1 & 0
ity Bl R 2 S I TR IR S A, S 0TS R AL
RRFaRE , L L TG bR AL PR R R, A
HIF 5 AR 408 = 5 i TR 285 R L R 3 T A 5 A 9
ATANE SR o B = e S A Ty TS TR
FR, Ay 2 T (] AR 7 A ROR SR X I R R
KT BOI BA HEE L

1 HBE5HE

1.1 R s A

BREMAMMBE AT ERAERM AR AER
el 72 (%) O B o B, A2 T )t P A 0 A 3 R Y
FEEH O F L, AR SR R 1S
(8 38 5 399 R A AR 0T i AR g bk 5 AR it ER
AT 17 P 70 5 AT PR 28 A R 28 R e LR 2R (I
D, ZH T KR /NEFERAB KM 2 T
P 50 0 o B 5T B A L 6 A Rk I 0y (6-
BA) 4l fF 9850, A b st R FE R AR w5 7
FH6-BA 57 A& 0.1% KF W HE B2
FRHEA R A A

F1 KR EEEAFERER

Table 1 Characteristics of the surfactants tested

# ¥ Name

2k Category

KR Source

Silwet 408CHR kB 1D
Silwet 408 (Polyether-Modified Siloxane)
MES (g 15 2 F 18 itk 12 491D
MES (Sodium Fatty Acid Methyl Ester Sulfonate)
SDSC+ ke F AR FR 41D SDS (Sodium Dodecyl Sulfate)
DDM (- Z e A2 2 1)
DDM (n-Dodecyl 8-D-Maltoside)
Orange (8 2 K, d-Frigfid

Orange (Orange Peel Essential Oil, d-Limonene)

FE IR Plant-derived

A HLAEZE Organosilicone

F ¥ 5 2& Plant-derived

TeHLERZE Tnorganic Salt

H PR Plant-derived

AT BE IR A B ]
Nanjing Jierun Technology Co., Ltd.
WAL A B A 2 BB AT B H
Hubei Dongcao Chemical Technology Co., Ltd.
T4 A% 35 B 48 §L 43 Sigma Aldrich
BT A AR Ry
Shanghai Aladdin Biochemical Technology Co., Ltd.
] L iR B R R A A
Hebei Zhenxitang Technology Co., Ltd.

1.2 REFHE
1.2.1 FEer@BHag FHRERE Y S
W, PERR AR T R E M AT RE . AR
1Y 71 85 ) s O R 2y 1.0 em K AT A
BrOREFF ERKO , B2 TR L8 T2 B s
(B15 OLYMPUS-IX73) F W25,

P B 0 2F B A 2. 5% 1 U b [
FE LB JE 1T 30%0,50%,70%, 100 % B B dh i
WK, B A H6 BE 10 min, JBE 7K 58 585 A I 5T 4
BUA AT I ST TR 29 1 he J5 A i
FH B [ AEAE S L B4 e R

i (Scanning electron microscope, SEM , &=y H 37
SUS010) X il 4 Fy A BEAT WLEE
1.2.2 OWRK F® & F F vtk i AW A& @ 8 bt
STy TR R RE NI SH A o e S 151 8 B i 1 D
FHIE I E T OCA 20 42 fl 1 M 12 ASRE & 03K
G HEBEFK. . P BN, N-Z 5
FH i e 6 5 W T 3 B T (2 D) I a4 o £ L
3, AR SCA2L Bt i &
ML [ H AE (Surface free energy,SFE)

R TR PR AF AR FH SR S - TR AR - DR B
JR A # 15 (Owens-Wendt-Rabel-Kaelble, OWRK)
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SR+ G o I 2 A 3 1 /A= W G DI S

(14 cosB)yiy |yh . . .
(L cos O (Y0 yppg e iy 7 B A2 PG
2 Y(Ii,v Tiv

E A 2 R SR SR T [ B R o R
1.2.3 Zisman#FEM T FEZRR E@mkH B
Zisman %, 2 B G B3 i 5K J1 (Critical surface
tension, CST,ye) 3 H AN
cos0=a+bwyy (2)
6 kI VR AR A S BT A kA a F D S
A B E, vy IR AR B R 5K T o By AR
A Fr , cosO AL PR I HL I B SMER
cosO=1CHI 0=0")4b , H:7E & Ax b5 1 XF Ry (%) 4 i
FE SCOR T R () I A3 1T 9 T ye
1.2.4 R @& MA R AR R KN T
DCAT 21 3 18 3K J3 A% AN 5] 26 1 17 44 590 AN [m] i 2
KV VR A R T K Ty, RS RE A EE B 3K, L
HF- B8 Ry 2 T 9K 3 (R o K 3 T IE P R K O TR
JEE R I A 2 T 5K O (AR B 15 M 2, L4 AR Sy
H K WY It 7L 18 R R B (Critical micelle comcen-
trayion, CMC),
1.2.5 AR A@ERANLEFETRRRABEIHE
T e R R BRI A A [ R [R) % TETE
PE R AE 2F Bk b A B KRR OE 7 B i (Maximum
retention, Rm, mg-cm ™), 3 & Il 5 3 ¥k, H K FF 84
AR IHE
Rm=(m,—m,) X 1000/s (3)
K om HEF R WIIRE R (@), m, R f5 B
AR B E A (@) s T BRI AT A B Cem ™.
1.2.6 X Beb) 300 R R K BT 2R
S 21| B B Y A o VT O 2 | 20 R B
fif B B BB (1.0 mol- LD, 4°C ol G- 7E ; 6-BA
VW FF 6-BA SR 251 il T 25 oK b TE i BT
WHE R 75 mg- L™ 'HY W W s BS & 0 < AF BT 4 VK 2
975 mg-L 'Y 6-BA VI P INA Silwet 408 fif H 4
W 0. 059 (R B A3 B0 170k BE 3L T 2. 2 19 i i

459, Silwet 408 15 3 Ft i [ 52 IR 8 5 #F
BA A Foe A AT ROk < A 6-BA R < 57 A B
EE T V0 B, TC ) 0T v B Ol 75 mg- LT 2y
W LA B 6-BA T .

1.2.7 ##EAFH S KEBEURERLZ NG $H
i, & H Excel 2019 8 {4 k47 B4l 4 BE AN e 31, 6
WORK 2 - 25 & e/ Z e i 11 5 3 B R R 1 H
HI AE T R1E 5 E A7 I S e o vk 132 gty 4 P51 R fh
YT R AVE IR, {8 SPSS 18 i 3¢ 1 i 1 771 A i 5
JiE TR e B R e KRR R B i EAT AR R 7 2240 0
(One-way ANOVA,LSD), &% 5 DL 34 + b ifie

2 HBREHM

2.1 FEMHARREMERRERLE

2.1.1 $¥vth ik @mBmemng wmEl s,
FEOG 2 WO T WL AT L, S T S e T B Y
B RIE S L5, R A FE R EE SN
B, H A U W08 52 78 3 kBT XBE AT
L ZZBEES A 1A D)o 3 714 H B AR Xt
FEN R HEATILEE A5 R R S R R
AR G G50, AL 4G 2 Fh RO R IR % 5
55 T GE Y KR ik AR R, 26 30 H B ) B K A
P SRR o X EE SR RUR R LA -C) 5 il A 1)
CEL1D-F) i B 1 v T % 285 T 60, Bl A & 1 F 4 2k
R B0 0 28 T R, 3 Rz B 5 I eh K A A
7S (1 e A [ B T O e R I R

E1 FEMHRRERHEHEE
Fig.1 Leaf surface microstructure of Leymus chinensis
HE A D ye B R 18 BLCLEF g #1387 B B 1R
85 1 A-C S o 3R AR 75 0 A%, ] D-F o 3 Rom i R i
A0 R

Note: Figures A and D show optical microscopy images; Figures B,

C, E and F show scanning electron microscopy images. Figures A-C
show leaf surface of Leymus chinensis at the regreening stage, Figures

D-F show leaf surface image at the heading stage
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2.1.2 FFEEANA @A FAEN T B RK,
2 T WM KN, N- R T i 45 Y Ao AR
FE 2 I TS (] B 309 CIR 75 300 00 ol A 300D A 4 sk £
VL% 2 2 B0 R %0 K B fi £ KT 907, B T
B K F T o DU R A K R B i AR B R NG N-
P Y G e 2 M g /0N, L A AU 422 ok £ 38 K IR
FH . A OWRK &8 ¢ Rt i R W& 1w [

0.05), H il B8 30) (o il o i L9 58 o PRSI 48

H1 AE (LT TSR T 9000, i T AL, R W] BT

- 2 A RE 32 EE R IR T AR A 1 T AR
F2 NWAAREFEMHELHEMA

Table 2 Contact angle of probe liquid on the Leymus chinen-

sis leaf surface

WA P fl A Initial contact angle/°

. M Test solution BT S
fie S 4E R i g ’
e S H o S5 RN 3R - S REM Jr RLR T A Hh Regreening stage  Heading stage
AEA 4 30. 14 mJ-m *CGR 7 W) A1 28. 68 mJ-m *(4il 328 7K Deionized water  104.9141.59 121.02+1.89
), [ B E AR BE B /K 3 1 38 2 4 (PE, 31~ Bt Formamide 85.11+1.86 96.43+1.23
Z, ZJ# Ethylene glycol 72.8140.69 84.26+0.89
. —2 N N e e ==
33 mJ-m DAL A e VB TR 2R IS CR 7 D i 4 R i g 48.85+0.51 56.8340.73
B AR A CHTBE D 6 A2 i, 210 1 fh A 2 3 PR AIR(P<< Dimethylformamide
R3 FEMHRRURAEHGBERESE
Table 3 The apparent surface free energy and its component of Leymus chinensis leaves
o FW M A hBe 0,15 2 e 2 €6 12 A L A7) e 1 2 g L A7)
St 5 Apparent surface free  Dispersive component/  Polar component/  Proportion of dispersive  Proportion of polar
a8e energy/(mJ-m %) (mJ:m %) (mJ:m % component/ % component/ %
iR # W] Regreening stage 30.14+0.08" 27.43 2.71 91.01 8.99
) Heading stage 28.68+0.04" 27.93 0.75 97.38 2.62

T RPN TR 25 5 3 (P<0. 05)

Note: Different lowercase letters mean significant differences (P<C0. 05)

2.1.3 FHEer R R E&EKAHMLE il Zisman ik
THER W] A5 AN [8) B 300 2 1 i R 4 fi o A 9% (8 5
RN TR PP E YA R e R S RW NI
BF 1 2 B ) 3R T 5K T AR Ak A 5 SRR
T 1 H AE AL, B AR (26,58 mN-m DR FH
(32.25 mN-m™ DI F R 5K S /0N, 72 W1 A = 5
R B K AR T4 A

x4 FEMHARARMBIERREKA
Table 4  Critical surface tension of Leymus chinensis leaves

during different periods

i 51 e TP K1 I
Stage (/r'mcal surface 1 Equation
tension/(mN-+m ')
iR 32.25 cos 6=0.033 517-yL—0.080 835
Regreening stage
HREIH 26.58 cos 0=0.040 675-yL.—0.070 972

Heading stage

2.2 FEEMEFERERLE

2.2.1 R &@EEAGE R RREMNZ WA R
JE 5 ol 3 1D 3 P R0 1) 3R 1Ak ) AR A AR (L 2) 5 F
23 T Y% P R ) 2 T K ) ) T o R g S S BRI,
T SRS R FE AL B R RO B R A B TR
grikads . Ho REESCTE A HLEE Silwet 408 IR
JE B 2R 18 K ) R A, Lk Ff SE BR Mk R O SR I

TSk 21.39 mN-m ', A T H At 4 Fh 2 1w 5 v
7 (P<<0. 05) , L AL F 2F ¥R 75 R0 3 B 30 A9 i 5
Fmi K S Cyed , BN 52 W Silwet 408 ¥ W 7l [ & 4 i

]
- ]
E 60 |4 DDM
szg 1 MES
e 'k g
2 I~ Orange
2 \+sDs
Q
‘g 40k I + Silwet 408
R 6ﬂ§.30°‘ -
o 30r 32184018 |
‘ i 1 I
21.390.09° i
20 i i 1 1 1
5 -4 3 i) 1

#e )& Concentration/(mol-L™")
2 ANEIRET FRMEE M X R R E K S E
Fig. 2 Surface tension values corresponding to surfactans at dif-
ferent concentrations
VE P g A 2R T b v 1 2R 2208 (@), B2 3 96 A 70 1 s S
TR BRI 4 5 . HLE ORI TR FOR 28 5 3 (P<<0. 05) . R I+
Note: The black diamond symbol () on each curve denotes the criti-
cal micelle concentration of the corresponding surfactant. Different
lowercase letters indicate significant differences (P<C0.05). The

same conventions apply to the figures below
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TR g R, RO, BRIk,
LR B I S e SRV B B SR T 5K 7924 32. 18 mN-m Y,
P 30T 2 R A TE 5K 7, W R AR R, T ik
BEVEME . MES 35 21 Il 58 o0 ok B B 375 i 2 1 o
TR ORI 22 R HEFEEH

2.2.2 ARRERA@ERANEFE ST LMW
ARk KGR IR BE Y 5 R T T S A Y ST A
IR T I R i A S R R b N R A, 25 R
P 3T < 76 2 R0k 7 B CE 3AD 5 Ff i i 7] 7 2
W T )70 T 42 s £ 359 Bk R 8 n 2 SR RRAIR S B T
-2 (1 kg Horp v B ) A 2 o R AR L R R
J& Silwet 408 1) 1 4 B AR I i, fe A RE IR B o8 4
TRl R T BT B VR 3 S S R AR

SDS ¥ W 7E 2 F - 1E L (440 46 42 fir £ A8 kv LA
29.95~103. 47", B EACR AL T55 = 8 KOR I ZEAIR
WIS TR B ) LR B2 A /N L o TR A L 2
BN A T A . MES il DDM 7 4 i 2 1
TP o ESE BRI 3B) , 22 %503 1 T 1 57 bt
e R B i HC A S R b Y o o R AIG , L AE I R
Jig R v i R S0 B o e AR AL BB R L SR T 45 SR A
oL, B8 Wk 2l A WLEE Silwet 408 75 VR JR 350 5 e i
FE 5 107" mol- L™ v BN, I W -5 - oo 2% ok £ />
F 57, W WOLAT 52 Al . DDM I Ul R 830CR i
25, fe vl RS TR 5 v TR Rl f A 73,687,
FW AR 0 1 L B Y AR Y S Al R R R B
AR

(A) B)
= DDM = MES = #&{z#57ll Orange = SDS - Silwet 408
° 120— ° -
S N S 125+
E . E
100
5 90 . e N
s N s e
S A =
= 60f \ =
g Z sof
S sof \ =
= X = -
:?;( X 25
=0 1 1 1 1 1 e 0 L L kl L L
5 " -3 2 -1 5 4 3 2 1

#¢J& Concentration/(mol-L™")

#e % Concentration/(mol-L")

B3 REFEEFERRRE TVHREMRA
Fig. 3 Maximum stable retention of surfactant at different concentrations
T = A hg A TR] v 8 30 T 306 P 00 70 AR 7 00 3 S I R b 00 £ 5 121 B Sy A T A 35 T 3% 24 590 7 ik DT S i R b0 R 4 fil £

Note: Figure A shows the initial contact angles of surfactants at different concentrations on the leaf surfaces of Leymus chinensis during the regreen-

ing stage; Figure B shows the initial contact angles of surfactants at different concentrations on the leafl surfaces of Leymus chinensis during the

heading stage

2.2.3 RRAKREABERANEFETE LR K
ARG F IR I 2 N R A S
7 Y e AR 5 B o, S SR AN A 4 TR < B R SR T
PEF Bt ve B34 0, LR R AR e 5 B AN 22, 2 i
LR AU B i AR . 7R F BRI (1 4A),SDS
(36. 16 mgrcm ¥ M 1 5 KRG E +7 B = i KL MES
(33.77 mg-cm *)Fl Silwet 408(33. 73 mg-cm D IHF K
SMAL AR A = TERMAE T (L 4B) 18 B T
(34.60 mg-cm ) ¥ W e K Fe € HF B i B K, Silwet
(33.36 mg-em D HISDS(31. 71 mg-cm 2 W 43 5
T = 8 =, B 5 T DDM Al MES % i (P<<
0.05), Hrr,Silwet 408 ¥ i ik ) fie K AR 2 7 F BT,
W B S A%, F WY AR ATk B BV AT S B i s8r B L HL
TEFFUAN A A B A5 B R IR Tk e e

2.3 REFEMEFIR 6-BA A KIEE S EHZM

W5E 6-BA Jit il 25 1716 £ 57 Silwet 408 /) 6-BA
(BS) IR FH 6-BA ¥ 8 A0 118 R AE 46 A, &5 SRR 0 .
WE SA PR, BS WY #TH 5K 7124 20. 71 mN-m ™',
i FMET 6-BA MR 6-BA ¥ i (P<<0.05) , R [
6-BA W R 9K F1 i K . Q& 5B it WA B 3
BS £ 2 50T _E A 2 fk R 2 N T A
(P<0.05), HJL-F ik 2] 56 2 8 AR, H A g
6-BA W AZ il M fe K. anEl 5C iR, A 1A BS
RN R LR RRBEREERER, BERXTH
fib 5 W (P<<0.05) , B A 4 Uf i 15 B 45 vk . IRk,
Silwet 408 fi§ i i) F AR W <05 1 5K ) (el 4 )
St o (7 Y A T A B R R R R BE D P T B3 6-
BA ¥ i T 1 g
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@) ®)
= DDM ~ MES = #& iz K57l Orange + SDS = Silwet 408
34.60+2.12¢
36.16£1.62* “
~ 33.73+1.66% =~ o A3L71£131%
1 33.77+0.93® L 33.36%1\.\2} 1
8 12" 530t
w2 0r ' i & 29.64£0°94 )
S BES )
&2 w20t 2
WE 20} g
Ke < e
S XS 10k
SElof £
g g 1/
= = 5
0 -
oL— 1 1 I 1 | | , .

-4 -3 -2 4 -3 2
¢ J& Concentration/(mol-L™") ¢ % Concentration/(mol-L™")
4 REEFUEFETRRETRARERER
Fig.4 Maximum stable retention of surfactant at different concentrations
VE « A g A TR] v Jo 35 T 0% P 500 0 R 77 300 2 M R b i R R 5 B TR B O AN ) e 2 39 T e 0 7 S B0 = B o b e KR R B

Note: Figure A shows the maximum stable retention of surfactants at different concentrations on the leaf surfaces of Leymus chinensis during the regreening

-1 -1

stage; Figure B shows the maximum stable retention of surfactants at different concentrations on the leaf surfaces of Leymus chinensis during the heading stage

(A) (B) ©
6-BA M BS I #f6-BA
80
a
a -7

— - a b

5 b - 30

5 S 100 ’ a

Z L b L B a

Z 60 b 5 C I
= s 5

S 3 oh

2 g s E 20t a

1) ) e &

o 401 ° ot 2

Q = e e

& = o

S 1<} T ——

’ = oF

= ~ Iz

220k = = 107

= % £ : b
1t =X

e R C I b I

c = ¢ =
0 C 1 1 1 0 i T 1 0 i I
6-BA BS ®ifH6-BA R A IR i
Ay s [ifpi]
Treatment Stage Stage

B 5 FREEMEF6-BARKEEEENTM
Fig. 5 Effect of surfactant on the wetting characteristic of 6-BA solution
T« A R AN TR Ak B8 245 38 B 3 T 5K 3 5 P B 3R AN [) Ak B 24 W 7 - B b A B 4 i A 5 R C SRR R TR] Ak B 25 TR - B0 B A R KR
EFEE . KB 6-BAY 75 mg-L7" 6-BAI, BS h 6-BA 5 15 V5 & B 8, 7 H 6-BA Sk i 8 il
Note: Figure A shows the surface tension of differently treated spray solutions; Figure B shows the initial contact angle of differently treated spray solutions
on Leymus chinensis leaf surface; Figure C shows the maximum stable retention of differently treated spray solutions on Leymus chinensis leaf surface. In the
legend, 6-BA is the 75 mg-L~ ' 6-BA solution, BS is the 6-BA-surfactant mixed solution, and commercial 6-BA is the commercial preparation

3 iTig AR A3 A AR T 2 S DR ST AT O X —
P 5K R S AR AR Y — B, BDE T I (Rl 45 F i

FE A Az 7= v, A 24 W5 55 VTR 5 A v T
AT FH B AR 2 P 2 5 A A 0 BRI AR Y R
W, 5% ) AR 245 25 W A6 RO bR VR W i T b i YR AT O 1 R
AL PE A W o R 2 AR B R R A
W T M 2 R 2 LIS R T 2 A 4R 2 R IR R
Mo ASBFSE & B, F B R SR AE oA R S 2
1 52 £ 45 A0 TV WER i /K ST, L WL T ) #h B (E
(28.68~30. 14 mJ-m ) 5% R L If 130, R W

it Wenzel-Cassie & & % W i K B 7K 1 19 3 38 #L
il S0 I A R B B KR R AR A, e
F AT A B RERE G, B AR R DY AR 5T
G5 R — 3, He b 3 5 DR g B B R B [ o 4
JoT G 13 AR A — o R R el A TR R R B Ak
S, R IO AR A 505 BRI ik s A%
A T I O S BR 2 i 7 B K 2 R R K T AR e
() 38 7 P R A, LR AR K o0 25 18 s TR IR IR U 45
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J5 T H A O S AR 5% B R AT e 51 K B Pk
T B A T RN I A R Ry SR A A TR G
BACRML L FE AR e tE 22 MR Z T, R
P 75 9 DR G BR  m RY BR S A G R R B
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