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Abstract:  Objective The purposes of this research were to(i)reduce or slow down the release and conversion rate of nitrogen,
(ii)increase the utilization rate of nitrogen, (iii)increase the yield of wheat, and(iv)reduce environmental pollution. Method We
applied the coating technology and inhibitor addition technology at the same time to prepare a new type of dual controlled release
urea. For preparation, the coating material of the controlled release fertilizer was natural rubber while the inhibitors used were
urease inhibitor(NBPT, n-butyl thiophosphoric triamide)and nitrification inhibitor(DMPP, 3, 4-dimethylpyrazole phosphate).
According to the different inhibitors added, four kinds of new natural rubber coated urea were prepared: uncoated(CRU1), NBPT
coating(CRU2), DMPP coating(CRU3), and(NBPT+DMPP)combined coating(CRU4). The microstructure of natural rubber
coated urea was observed by a scanning electron microscope(SEM). The slow-release characteristics of urea nitrogen were
determined using a hydrostatic release test. The effects of NBPT and DMPP in controlling nitrogen conversion were determined
by soil culture test. Also, we designed field experiments to verify the effects of the four controlled-release urea on soil nitrogen
supply and winter wheat growth.  Result Natural rubber was used as a membrane material to prepare controlled-release
fertilizers, with good film-forming properties, smooth surface and obvious nutrient channels in the profile. When loaded in still
water, the controlled release period of natural rubber coated controlled-release fertilizer reached 60 days. Compared with
urea(U)treatment, all controlled-release fertilizers significantly reduced the ammonia volatilization rate in the soil and postponed
the peak ammonia volatilization days. Also, CRU1, CRU2, CRU3, and CRU4 significantly increased the continuous nitrogen
supply capacity of the soil and increased the yield of wheat under 10% nitrogen reduction relative to U treatment. CRU4 was
better than adding NBPT and DMPP alone in reducing soil urease activity during the growth period of winter wheat, inhibiting
the conversion of soil NH;"-N to NO; -N, and reducing soil ammonia volatilization. Relative to U treatment, winter wheat
production of CRU1, CRU2, CRU3, and CRU4 increased by 16.96%, 21.46%, 17.37% and 25.90%, respectively. ~ Conclusion

CRU4 demonstrated the strongest continuous nitrogen supply capacity when applied in soil and the best increase in winter wheat
yield. This result indicates that the new controlled-release urea prepared by combining natural rubber and inhibitor-coated urea
controlled the dissolution of urea and delayed the urea conversion process. Under the condition of a 10% reduction in nitrogen

application rate, the yield of winter wheat can still be significantly increased.

Key words: Controlled release fertilizer; Natural rubber; Urease inhibitor; Nitrification inhibitor; Soil nitrogen; Wheat yield
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1.1 "EBEEMAENHFESENIERRE

Bl &

W A F TR 0.25%9 NBPT 5 — & &Y
T5%FERWARST, KB IMAE 85C, Ak
it o 28 A F Bt aE . B ELAR 2~4 mm KRR 23
ABAH R, B EFHE KR 40 rmin', JEXUINEAME R
SR ERFFTE 85C LA, WALMYE 5 min, FHF3)
Biarfs NBPT-Z BB S ik 2 iR ZE % im
TH#4533] NBPT I JZJR % (U+NBPT ), 4 HI&= M4l
A E 0.5%19 DMPP 55— &1 75% B Wik
51, HApZHR L, #il# DMPP IRJZIRE (U+
DMPP ). ¥ & A4 A it 0.25% 1) NBPT Fl
0.5%DMPP 5—E &1 75% L BIFHIRY, Hes

A I, 14 NBPT+DMPP %)2/R%E ( U+NBPT+
DMPP ),

W RIS A 10: 1 IRA), FERS Hk
TR G AL o 3 1K i BRI R (U ) U+NBPT .,
U+DMPP . U+NBPT+DMPP Y Fili R 25 25 A i 4K 54
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FRLE 85°CAAT, BIRFE it 5% G G 4 1.
K (BRI IEIREG 5~8 min ) ¥5)WivR 2 R PUFIR R
FEU, A Y 7 A T 1 PR 3 R T 349750 il R R
A A R, By 1k A P 4 A B
FH 7= A i AR B o e 2 £ ARG I AL I PR 3R
( CRU1 ). NBPT iRJZ+RABMKALNEIR R (CRU2 ),
DMPP X E+ KR AR KA IR K ( CRU3 ).
NBPT+DMPP i+ KRG AR E (CRU4) Y
TR A B IR R .

il 5 7 O T 2 4 B PR 25 v BEERA R o ARk L
1% 4.8%; CRU1., CRU2, CRU3 1 CRU4 1 N
YN 430 gkg!'; CRU2 H' NBPT & & W
1.03 g'kg™'; CRU3 H1 DMPP &4 4 2.06 g'kg'; CRU4
H NBPT I DMPP & &4 51k 1.03 gkg' Al
2.06 gkg ',

1.2 HBERE

N2 W E)/NX R T 2019 4 10 H & 2020 4
6 HAE R4 MY T AL B2 B SE 96 S b i 47, 3K
55X - HERAUN A, ORI BHE
AFAYERT . 3 pH 7.17, AWK 13.41 gkg™',
2R 133 gkg!', AA 61.59 mgkg!', ARkHE
18.87 mg-kg ', AN 146.7 mgkg ', HHKMEY N
/N ( Triticum aestivum L. ), fhFp-A “BFE 227,

R 7 A, 1) REEAE (CK); 2)
HTERE (U); 3) RIAREBEIRE (CRUO), 1+
JIES ¢ U e 80K R R T AR S == 43k s 4 ) CRUL; 5)
CRU2; 6 ) CRU3; 7) CRU4, i5/NX AN 30 m?
(3 mx10 m), /NEFEFE K 207 kghm ™, 2019 4F
10 A 16 H#&FP, 2020 4 6 A 14 HYIE ., B0 R
BEE =R, BV AHES

Jt N 1 Rt A = BRI R R AL PR N-P,Os-
K,0:240-105-105 kg-hm 2 b, Ho A 4b B4 N-P,O;s-
K,0: 216-105-105 kg-hm> ( ZZE it 10% ); i
PREAFREL N 50%, FTHA N 50%; FERIRZE AL
PRI R K SHBIRE 3. 7TBIR—KIEGA . B,
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156 K05 K FH Excel 2016 F1 Origin 2018 #E474b
52K, R SPSS 21 #AFHATEE 8T, R
X (Duncan ) L 7225 B E AR (P<0.05),

2 4 R

2.1 RABKREEER IR ST 5 BERUHE

XA AR LA (18 1a) 5 RO IR KL
(& 1b) FEAROR A (% 500 ) i i B A 2
ISR, B IG-GL A L RE 5 48 3t 8 1 /e NS 3R
W, BESCRMOCHTECE, RILPIEBALE . MRARE

T a): WIBERIEE R BB 5005 b): RABRBKEAFEICERERER T <5005 ¢): AEERIESRGBRICRER; d):
RIRAG AL AL 454 BB - 1 000, Note: a ): Electron micrograph of resin-coated fertilizer surface x500; b ): Electron micrograph

of the surface of natural rubber coated fertilizer x500; ¢ ): Schematic diagram of the nutrient release of coated controlled-release fertilizer;

d): Sectional structure photo of natural rubber coated fertilizer x1 000.

1 AR L B IR MR R ]

Fig. L Electron micrograph and schematic diagram of coated fertilizer
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AR ZRUBL 8.46%; 7~84 d A XN BIL, %
I BEPN A 2 BRI 73.45%, 5 3Rm N A E B
FEIiL 83.20%. CRUI A FE R BHZAE 1~3d N
BRI, RERI 7.47%; 7 3~42d AR E
BRIl 26k b, i BN R R BB
59.38%; 42~84 d NFENBEHOLIM, AT BA R

100
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E; 60
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= 40
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R 550} 6] Tubation time/d

T : DR—EHEM BB 4, AR—REBURL#; CRUO—
PR A R IL s CRUI—R AR 42 B E o Note: DR-
N release rate at different extracting time intervals ; AR-
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controlled-release fertilizer.

K2 ERIRE AR

Fig. 2 Nitrogen release characteristics of controlled-release urea
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PR AL 3+ 18 NH, # & HOR Y W E R L, 85575
NH; ¥ & HF B, 5 U 43HLE, CRUO,
CRUI1 ., CRU2 Fll CRU4 1] FAI% 1- 1€ NH; #4 & R 16
{EF-H3K 73%~78% ( P<0.05), WE iR #]/IMEIR
3 CRUO., CRUI, CRU2, CRU4, W(E Hi 3 a] i)
JaHERS 6~18 d. 5 CRUO #ilt, CRU3 1% NH;
R BCRES A RE, MK 3b TH, &R
Bl a4 R AR R, o2 IR i 7] 5 6 A4 i)
FIBAAEH], XTREAR R R R RUR T 4f .
X R BRI B R AR R s S SRR
RAEAE, REZEE M AFER, IHHaszEsE
e, A IR B R SR T e S EUK R, R gErh
NH, =N & BRI, B it FH A Ak 30 i 550 e J 2 A e 4
BIE, BARSIESEAS A I HAR ML, (HER
TRENRRZZEE L, A D EN N5 NH; 4
A
23 WEBREMNZNZEVENHZRESEN

=AU

MR 1A%, 5 CK AL, 57t Ar b 2 5
fit . TR R4S . T IBR CRU4 AbFEAMH:
R R NE AL P A /N2 ) o O 1 35 25 5%, CRUO
Ml CRU4 b T AR Rig i E e m. e, 5
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B, Z/NEET RIS WA, TSRy JUIHR R MR ) 50 -5 A 0 580 A0 K SRAR R
149@ AR BN RBEFA, P/ LI S AR IR R, IR ERE T s, fie /)
XEWITEIE 10% R R AT, A B RIR R,  KAEK.

7
6

IR
NH, volatilization rate/(mg-d™")

RIS
Accumulative NH; volatilization/mg

40
B2t ] Incubation time/d

T CK—AEREMI; U—FlRELH; CRU—FEM G IRERIL ;. CRUI—RABRIK IR ; CRU2—NBPT i%)2

+RIBIEALIRIRE ; CRUZ—DMPP It 2+ RABIKAIIRE ; CRUS—NBPT+DMPP it Z+RABRIKAIEIRE . T, Note: CK-No

urea was applied; U- Conventional urea; CRUO-Epoxy resin coated controlled-release fertilizer; CRUIL- Natural rubber coated

controlled-release fertilizer; CRU2- NBPT coating + natural rubber coated controlled release fertilizer; CRU3- DMPP coating + natural

rubber coated controlled release fertilizer; CRU4- NBPT+DMPP coating + natural rubber coated controlled release fertilizer. The same below.

K3 HIEEEEEE (a) REHERRBE (b)

Fig. 3 Soil NH; volatilization rate ( a) and accumulative NH; volatilization (b )

x1 FRERELETAREEHZNER EHREYE

Table 1 Aboveground biomass of winter wheat at different growth stages under different controlled-release fertilizer treatments/[g- (5 plants) ']

i Seedling stage FF#E3 Flowering stage
HRAGE B E
Qb
fif 4 o T4 i Vegetative organs Reproduction organs
Treatment
Fresh biomass Dry biomass L8 A Ty i et Ty A
Fresh biomass Dry biomass Fresh biomass Dry biomass
CK 0.76d 0.66¢ 24.22¢ 9.56¢ 13.71b 4.44d
U 1.13bc 0.95b 27.99abc 10.70b 15.02ab 5.07cd
CRUO 1.39abc 1.22a 30.14a 11.98a 17.42a 6.08ab
CRU1 1.49ab 1.00ab 29.55ab 11.00b 16.18ab 5.63abc
CRU2 1.07bc 0.73bc 26.09bc 11.03b 15.94b 5.45bc
CRU3 1.20ab 0.90bc 29.78ab 10.54b 15.92ab 5.36bc
CRU4 1.74a 1.21a 30.64a 13.19a 17.78a 6.55a

. PR R Z 5718 5% 8% 7K, T [F . Note: Different letters in the same column indicate a significant difference of 5%,

the same below.

H% 2 AT, AL AE i B m /N T e it 13.13%. 21.66%. 17.03%; 5 U Z:¥iAHH, CRU3
RAIEEZE a, MMEE b KERHE MEMETE. 5 U0 /NEFEHNSE (atb) TRLEEES . XEH
AhEA L, CRUO. CRUI, CRU2, CRU4 &/NEFF ARSI, J0HIE DREE 0 61 77 5 KRG
AW 43 (avb ) SRR EWIN 1426% .  QGBRMBKAERN, SHEEHRZBR L, 50
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FrtER R, BN EE . AR al
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x2 NEFEPHEERESE
Table 2 Chlorophyll content of wheat at the flowering stage/ (mg-g”' FW)
b F MEER (atb) 4K a 4R b L bR
Treatment Chl (a+b) Chla Chlb Carotenoid
CK 2.737b 2.061d 0.676¢ 0.325¢
8] 2.988b 2.251b 0.737¢ 0.469a
CRUO 3.414a 2.425a 0.988ab 0.459ab
CRU1 3.380a 2.412a 0.968ab 0.460ab
CRU2 3.635a 2.476a 1.159a 0.450ab
CRU3 2.953b 2.154¢ 0.799bc 0.401b
CRU4 3.496a 2.443a 1.053a 0.512a

24 WEBRENZNEFERFTEMHEZEN
A1)

& 3 A, 5 CK ML, it Ng
WA T AR B ST e R, IR A
3.04%~45.03%F1 16.10%~46.17%, W jiti it BEAE
NEARK, REA/NE R, 5 UGEML, &
EREAANE TR RERE 12.04% ~
40.75%; 5 U Ab3AHLL, SR A /N P i
i E R 16.96%~25.90%, 514 A B A AE 1L
@R A 25, R#M K CRU4>CRU2>CRUO>
CRU3>CRUI1, CRU4 7E 42 15 4 /N2 I 1) o AR
S /N2 e TR R

SRR R, A5 b B R AR BT
B ZEF AR E, HECRLIR ™ R 22 R OCH N R,
Hrea R EM, 5 U AT, SR b a
BRI IR A 0.75%~14.39%, CRU4 7E4R 4/
2 A REEOT RO B A o R A AR I ) 5
DR 2 A T £ B R DU BRI, R S it A
A 58 0 A0 3 R R RUIE B i S R R A L, Al
B Z NSRRI, 7E AW 10%0) SE6)
WARRE LA /N A G T L R
2.5 WEBREZEMNZZEZFANZIMD

REWIHCR . BACmA = F1 . BB 2350%
FVENE LSRR DU, A [ £ B il R A E 0 R/ &

*3 NEFERFEMHER
Table 3 Wheat yield and yield components
A TR R Bt y | it
4ib # LR T
Dry matter production/ Spike number/ Yield/
Treatment Kernel number/Spike 1 000-kernel weight/g
(kghm™?) (10*hm™?) (kg-hm?)

CK 16 976d 690c 29.60b 38.23b 6 556d
U 17 492cd 713b 29.40b 40.90ab 7611c
CRUO 21 546b 790a 30.60ab 43.03a 9 122b
CRUI 20 497b 784ab 33.80ab 42.43a 8 902b
CRU2 23 717a 790a 31.00ab 40.87ab 9 244ab
CRU3 19 599bc 719b 35.40a 40.90ab 8 933b
CRU4 24 620a 816a 30.20ab 43.17a 9 582a
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WOSR AR . R 40T, 5 UL, &%
TR T b 31 1 25 4 o R0 WO 11.15%~35.53%,
# ¥ M. CRU4>CRUO>CRU2>CRU3>CRU1, #H
FERENE S AN 5] 5 B R T A R IE, AE W
PR A/NERFZWRICHCFE, Hd CRU4 XA FIH]
BEFCRR R, 5 CRUO ML, CRU4 AL
FE IR 5.04%, AFEKFFHFRES 17.92%; 5

U ZbFRAHLE, 25 P REAC A 3OS [ i R0 - 34 . 2
fem 1.65 45, HALE S AR MR
—H, Hi CRU4 R IR e, U ARBRRY
2.43 Ao LA IR o) 70 S P 4 o 50 [ e 2% BB
AR X RE IR, il A 5 R A P OR
AL, ST MR R T S T, A
R e LR

R4 FEIEZFRRALIEX )N E R R WRUF AR m

Table 4 Effects of different controlled-release fertilizers on nitrogen absorption and utilization of Wheat

A H Treatment NUPE/% NPFP/ (kg'kg™) NFAE/ (kgkg') NR/%
CK
U 51.86¢ 31.71¢ 4.40¢ 24.53¢
CRUO 84.31a 42.23ab 11.88ab 76.04a
CRU1 67.85b 41.21b 10.86b 48.37b
CRU2 78.49ab 42.80ab 12.45ab 66.25ab
CRU3 69.39b 41.36b 11.01b 50.97b
CRU4 89.08a 44.36a 14.01a 84.04a

##: NUPE. NPFP, NFAE #l NR 737l /R B EWMHCE . B0 . FIER2A30E . B E# . Note: NUPE, NPFP,

NFAE and NR means nitrogen uptake efficiency, partial factor productivity of applied N, nitrogen fertilizer agronomic efficiency, nitrogen

recovery rate, respectively.

2.6 WIEBREMTHEHERENR NHS-N &Y
A ER 0
H [l 4a AT, U Kb 3E/INAZ AR TN 18 NH,'-N
FIEARE SRR A b, X AT R TR
TR R R, FEOTAN U 43 NH,-N A
NO; -N FFE ., 442 B0 b 38+ 58 4 A5 R A Ak i Hh it

a)
25¢
o 20¢
g
% 15¢
z
= 10t
Ka
i
R 5 L
Hi A PiZ ] N
Seedling  Overwintering Flowering  Ripening
stage stage stage stage

AARE], BRI T EEREAR, RIS A
i, CRUO, CRUI Ml CRU3 &4 i j5 B
NH,"-N f K AfE, 1 CRU2 Fil CRU4 + 4% NH,"-N #%
KB IAET IR . 5 UGB, SERIE
ALFRET I 18 NH, N 25 A% 21.12% . 16.05% .
25.74%. 22.12%. 17.86%.

50
—a—CK —e—U b)
= 40 —a— CRUO —v— CRUI1
2 —— CRU2 —«— CRU3
%‘3 —— CRU4
= 30r
%
s
z 20
4
o 10+
L] JLES i TFAE A
Seedling Overwintering Flowering  Ripening
stage stage stage stage

B Growth stage

K4 ARFERILAIF/NEARAEF Y L% NH, N (a) #INOy N (b) FitZE L

Fig. 4 Changes of soil NH,-N (a) and NO;-N (b ) contents in different growth stages of wheat under different controlled-release fertilizer

treatments
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¥l

P &l 4b AT, i AR AL 43 NO;-N R8N
STt E R IR S EANEAFBN CRU3 A
CRU4 X +3E NO; -N & fs il B, &R
K. B, 5 U AbBEAHEE, CRU3 Ml CRU4
A3 5k 3 AR 8 NO5™-N &1 41.71%F1 40.77%,
W] DMPP }2 NBPT+DMPP R 11 IR 5 R IAG e ik
AR, BB A i b NH,™-N [ NO5-N #%1k,
WA BB 2 1248 NOy-N & i, 1870 NOy-N iy
W . DL SRR, DREEMH 5 NBPT 5 i
eIl sH DMPP &2 A E N, BERERS H IR Z K, Wk
b+ A ZE DL NH; BBk (1B 3), NREIELE +
B8 NH,'-N [1] NO; -N %64k, i -1 NOy -N 4 &
PRAFTEBARIK -

HE S WM, NEENEFN U LIS

NH, WS E - 4 b TR K. ANERE, 5
U 4FAHL, CRUO. CRUI, CRU2. CRU3. CRU4
7+ 58 NH,-N R 1L %55 51 F B 3.00% .
13.56%. 3.73%. 12.80%. 17.16%, 3&WIfdfids ke
NEFR o3BT B, 4 H 5 A A 1 500 3K 5 A0 B R e
R EIERSLER, BRI NH,-N R IER,
/0 NOy -N By ok , fE sEEY 720 W, #2205
RACFI A=, NEAEFYN, FMEN DMPP Fl
NBPT-+DMPP 42 4 kb F -+ 38 £ 245 1 36 WA Ak R 24y e
FAK/KF, U NBPT 5 DMPP HE4% & 3 FFAK /)
AR WIN g NH REAPER , i &R
4%, Hidp CRU4 3 NH, Ol Ab 1 P IR A 4454
/K-, ] NBPT+DMPP FEREHI I 3E R (1K
3), XREAH] NH, AL, JEimie e A A & .

®5 TEEBRELETNERREBEHALIE NH, N HRAHLE

Table 5 The apparent nitrification rate of soil NH,*-N in different growth stages of wheat under different controlled-release fertilizer treatments

puseil i3] A1) THAE] B
Treatment Seedling stage Overwintering stage Flowering stage Ripening stage
CK 54.75a 57.22b 63.20a 74.94bc
8] 55.76a 68.90a 66.54a 78.98a
CRUO 54.09a 54.04b 67.09a 79.08a
CRUI 48.20b 53.79bc 65.50a 74.42bc
CRU2 53.68a 57.77bc 64.98a 75.82b
CRU3 48.62b 55.41bc 63.96a 71.97cd
CRU4 46.19b 52.15¢ 57.28b 70.22d

2.7 WIEFEREXN T EREEE ARG

ML S W, /N2 AR I N A5 i I b 2 -
it TG P 2 B T O, He e R T A T AR 3k )
K, NBPT IRJZALIE IR FR 0] i 2 BEAR IR BT 1 o
KONFEEFR, 5 UL, &R 1
HEMRERE AR 22 S R B3, X T RE R TA/NE
AT - R R, B R T AR
7 LI S i P R AE SR i R . e/ AR KR,
i) HES B S 3 S A IR AT ) 7004 e ], foff - S R il
TR AR RARK T AR, 5 U A BEAH 1L
CRU2 Fll CRU4 38 IR Bt 4 43 1) 5 25 P AR 23.08%
1 16.79%; WY, 5 U 4B L, CRU2 FI CRU4
- SRRl A 0 ) B A 29.29%F0 22.28%., K

K i il 410 1) 700 5 3 PR R IR AL, RESEE A1 o
FUFFR, SCHRANEAT IR, K RS
PERFFTERUROK -, P BOE S IR R ALt e, s
PREMK

3 1 ®

3.1 RABREEEBRENBUAEHREFESRF
FUEHEED
TEREANERIN, NEFMTORIZR 7 A2,
P, ARG /I A2 AR R I Il b FE R X/
AR I R 5 i Ak R i
AT, FEEREIE AT X IR oy AT OE AR, R AR AR
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1
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JOR R
Soil urease activity [NH;-N mg-(kg-24h)

Mature stage

it SN THEW
Seedling stage Overwintering Flowering
stage stage

= FH W Growth stage

T FPAR SRR AL & AR B L 5% 8%
/K-, TFF. Note: Different letters in the figure indicate that the

difference between different treatments in the same growth stage
reaches a significant level of 5%, the same below.

Kl s AFEERACALFE T /N AN A A 7 300 A SEe R %
Fig. 5 Soil urease activity in different growth stages of wheat under
different controlled-release fertilizer treatments
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3.3 RABKREELMHFERS SRERREY
INEFEERIR N
GIPNIERESE S L I LR i E PSR o
2id, RefedtfEmE R, Wi, AR
W, R dlsn SR RIS AR R SRR R, AR
R RNEAH AR, fedt/ MR R (R 4), X5
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BB, PRI PR 28 10 08 I 1 S 2 3 1 R R 0 %
et e, RE/NEETE AR e (& 4),
D REA BB P ROR  JEHE NBPT+DMPP
WRIZIRF G RIRBILAIER CRU4, XF & /N2 13
PR R (K 3), FWIMRARHI ) 5] -5 i A4 il
7R BRI A5 2 A R T B A A 50 ) A AR, %
SRR, feRE NS AR

4 %5 i

FH R SRAG AR Ay 42 T I JE A el o 5 1 2 A
FoviE L EE Y WO, HAE B G A
PR RN 22, HE A SR . NBPT A1 DMPP
5 RIRG I A AL 25 1 <M RRIR K, A%
il T AP R, AEZE TR R OKME, RELT &
BENH, & 3%, Q0GB IR TOHLEERE, I
DT REBR, AT AR S, TRAN T Hl
FRARG AL AR R NE S5 50 B B PR dife o5 XUH
JRE” CRU4 Tedbsim et AR Ty . $em/hA -t
B e it A 2 45 45 O L T RS N NBPT ¢
DMPP Ab3f, — Wi HREASIE UE A /N A K, $2
FAZAHRE, FERRWE 10%5%0F T8 U AP
FEIK 25.90%.
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