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Temperature sensitivity, nutrient release performance, and temperature
sensitive mechanism of temperature-sensitive slow/controlled-release
fertilizers: A comprehensive research review
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Abstract: Temperature is a crucial factor that influences the growth and development of crops. Developing
temperature-sensitive slow/controlled-release fertilizers could better synchronize the release of nutrient with crop
nutrient requirements, thereby enhance fertilizer utilization efficiency. We reviewed the sources, types, and
mechanisms of common thermosensitive polymer materials such as polyamides, polyether, polyester,
polysaccharides, and thermosensitive polyurethane and so on. We also reviewed the research progress of common
thermosensitive polymer materials such as poly (N-isopropylacrylamide) (PNIPAM), poly (N-vinylcaprolactam)
(PNVCL), ethylene oxide/propylene oxide block copolymer (EO/PO), methylcellulose, and thermosensitive
polyurethane as temperature-responsive coatings for thermosensitive controlled-release fertilizer. The feasibility,
advantages and disadvantages of these materials in thermosensitive controlled-release fertilizer applications were
discussed detailedly. Based on the temperature-responsive properties of polymer materials, the current

slow/controlled-release fertilizers are categorized into two groups: low critical solution temperature sensitive
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(LCST) and crystalline melting transition temperature (Tm)/glass transition temperature (Tg) sensitive slow/

controlled-release fertilizers. The preparation methods, thermal properties, nutrient release performance, and

molecular mechanisms of these two types are comprehensively reviewed in this study. Generally speaking, the

research and development of thermosensitive controlled-release fertilizers are still in their infancy. The recent

researches should be focused on the fundamental research and innovation of natural high molecular weight

thermosensitive materials, screen green and biodegradable thermosensitive polyurethane materials, and the

develop thermosensitive controlled-release fertilizers specified to crops and regions.

Key words: temperature-sensitive polyurethane; slow/controlled release fertilizer;

temperature-sensitive fertilizer; temperature-responsive characteristic; nutrient release mechanism
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Fig.1 Schematic illustration of phase transition of polymer solution with temperature changing

TE: LOST—{RIG MR s UCST— il S ik il i

Note: LCST—Lower critical solution temperature; UCST—Upper critical solution temperature.
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Note: PNIPAM—Poly (N-isopropylacrylamide); LCST—Lower critical solution temperature.
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(R /INAZ A BRSO I R B0 2535 T, O R 3
.
1.2.2 SRk IR 5 ARUR AR 7 /4 o O R ek Al e e L
BRI F-127 2 HITCLE MR b/
RN e B RY) . HIEZiA (palygorskite, Pal)
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JEF, M TR EMER B, MELLBRN A

2 ERRVE AR (Tm)/3 4L
AR (Tg) USRI R -G Y el i B
AE ket

A JE A B AR AR T AR 1R B A e 2 A AR B W AR S



1818 R R R L S 30 &

AL, KRPERORME BTN TR, AR AR IR R 3 B
R A R AR S (Tm) AL AR (Te)
i, DALIHGCR ISR 5 VR R bR 5 1) 40 R4 R
B2 S RA R AR TR (Tm)/ B AL AR IR (Te)
Rl SER /RNy
2.1 REEBREEMRMRERREERSEFT
TREBU R &I (temperature-sensitive polyurethane,
TSPU) &% W IRBECER G, ¥ 2R 000 5 DL
PERE AR B B A IR R E A S S, B R R
JEE e oy e o e BORY BRI A [
ZRTET 1) Sy F A T AR AR [ E A ST A, [
FE R R A B R A A IR FE A s B A, AT A
MBI, B Z A e B AR R, EAA B i
ST FIRWER 15 2) 3B 2 oo B B B i s db eI
T B v A B B AL AR B L SR, TR
KA TR MORL A MR A i BORROR 73 25 450, LK
B S AR IR ETE 0°C~60°C (B X NI RIRIE),
PR T B A L BEC  BRBORRE B L 5
A B AN ) T DG IR B 9 R R = AR
Huih ik, RBER AR RS R E A B2l
B, RN Tg — M BERA . Hl. 7 F
Tt DL SR B L AR, HARB R A R R
M) Tg fe B EEAIPZR 1 J P A5 5 2ok T A v W AL 2R
HARG W T IRBERATAE, P48 i R e —
1% ) g (polyhexadiol adipate, PHAG) FIEEC N
fig % (polycaprolactone, PCL) fE ML LIS 1,
) T A BRI IR 0 12 3R 2 A R R A B A 1 T
fe, HZIolEsr FaEB/NMIM B B R KB IE AR
A K TR DA YR B) 4 i B K, R
BLZ IR SRR EEAR R, MBS N, B TE
AR A BRAL, (H2 B Z el ok 1 & B
BF, B RS ARG A8 R BE e 25 R PEREAR, MRS BT
Herkae, R R AR B 2 T R Sy AR A
MBI . K, BRI ot sg e Tg, R

I
Lower temperature (25°C)

> A

Phase inversion temperature

BB Tg SR T R BR B Tg, PN
BRI SRR /N o ACPEAR, A5 SR Tk S 43 TR A A
F3AE /AN i B PCL R PLA. LG M8l 7T LA
| AR R RS, S A, BRI RS K S xR AR
RAFM R W AEE EZ, Yang FWF5E T A
[Fi] S SEURR i 0 A RHIR B PE RE RS2 IR, $8 1R RE Be a1
XFFRFELAY 1,5-7% — SF5BREE (1,5-pentane diisocyanate,
PDI) M Beah i AR i) — AL g -4,4° - — 53 R
fif (methylene diphenyl diisocyanate, MDI) 5 & 5 #-H
TR RE

T B R TR 1 200 AR 0 A R LA R ek e 7 A e
ARG SR A R Al M
O3B Tl AR S A A U s T R R o
Ais%o 44K Si0,. 44k ZnO. 44K TiO, FEIHLLN K
BT, AEE. BUROHEFAIE S FYR, 52
RWE . EM LR GSE, Ea IR | e
SR 7 o R A R A W A T e, AT LA B[]
TR BERRURK | TR AR A MR TR AR R A R
22 EHERECEERERREIFERIERY
gt

R IR R R P T ) 5 T B A R I
RBE, N R IR SR ARG R B A A AR i A TR
Brie. i ZFAFE RS ZR-1,4-T 8%
(PBA). S PUMEHIBEMEE R (PTMG), % PR B
(PCL) MIZR & ¥ (PEG) S Z JulE IR kL, 5
PEREEORAALE G, HEAT A U B o R o N e
MR R g R B, K11 2 JuEE ] A5 1 SR 2 B
R EA B AAIREERE, =i 2 ouhEl
R AN EA R AR B2, IR
filt b 328 HB TLAR AT ik — 25 FHAE ] 2% iR 50 2R 2 0
BERRZEHEN, Qiao Lz FVEIR MR 2k
JsUREHE AT A= R R SR O MR I (PCL, 0
2000) MALEEAARE, UL 2 2 8 BE/R LSRN % (PPG)
SR (K13), SRS i 38 5k it A R B 5 2 i

5 i

Higher temperature (35°C)

JL‘i\v

o}
|

)

7/

S
Cd

<
<

< MHFGAR I

"‘."\ ! A \Sq
NV 8 » -
AR AW
S| UL ’(

N4

Phase inversion temperature

—  COREERE-4,4'-— R ER Methylene diphenyl diisocyanate (MDI)

X OIS B Polycaprolactone (PCL)
A —_EZ Poly propylene glycol (PPG)

E 3 RESABE_E/RA_ERSIREEEAYRE I KAL)

Fig.3 Temperature-responsive mechanism of temperature-sensitive polyurethane ([PPG-PCL-PPG],)



9 4 U, S IR MU G PR R AR R BRI | SRRV E RE S IO L BRI S 1819

— PSR R I P ek o 7 ) ek 1 2R I
NERE, SCEL T 3R 43 ma W AR A R R e s R . k3
T AR A A R RL 35 40 TE 33 °C K AR R BB ME R
BN IS ] SR BECRIE N T 22.3 4%, 54 R AR
B RAE LU R BEOCRIE N T 1.4 4%, RIH
TR, BRI E) 30 RUIL, fFE#ER
AR 1SO [E BRFRUE (ISO 18644)., T3 2 2 1 f
P T N R Bt A Yk B85 1% v JH % A R R R 2 ) 42
Tb, EHTFT 109C (22°C~32°C) ST, 3750k
HCR R EIR TR 6% HTHE 8%, MInT 1/3. K
Db, 2 RE TR SO SR TR IO 1) 00 ) Ay A 0 o fit
BENERH I L0 T T %, %R
B A TR I & it D ) 1 AN () F) TR RS, DA T 3
FH A [ 4 XA 9 24 K55 308 A8 1 %) T SR e
FENLRL, LA b I KRR T AR A

3 iS5 RE

IR SRR PR G B R RE MRS ] 45 i K
SERIE 2 BBOR B 1 SCTE , FF R AL BEA
A R BEREL, RS R IR R RIZICR L i k4
7 TR BOR AL HTAT S, PR T AL % B A by
TORBIE A 57 SE B o Al M 7 R B 4 R M e
AIFFE WP N 5% 32 B R HAT IR RS P Y AR
AR AL A 5 AL R A& Y IR 10 T5
A R ORGSR, R AR R 2 el
HEEENCRR I, MR R A SRl Bk
e i0] i O MR T i i it | S E
TR AR BRI 2 H BLA IR P Al B (LCST) Bt
HMERNTRIT I 2, H 2R i K — Wi
P S BUALRE SR > S8 B i IELAEOR A O i
JRE W) SO A AR F1 R w7 AR 47 e HE R o F ST D
FOREHCHL 322 AR RE “TF &7 JE 200k g il PR sge gy
IR BB CR R RR KR gt R, A
S, it SRR TR JIE A X i %) e 1 AL AN [
FHEL T L0 B A TR UK BRI AR, IR BOR A1
APER o I, A SRR LR . T 2F
BeBOn TR o, R B TR A R 0 SR R L I R
10 DI 5 N1 B 7 v e 1 € O SO B 15 G
GMERENURIOBIE A2, RAKTT SRERYTT ] T2

1) B/ PERALRME B BRI & i H 27 [ 2
—, AR SR ] A By it o RO B A SR 5
I6] o R AT A e A )t AR T AR T T il B
B RN R A, of 2R 2R A9 i /K 115 TR AR
BRI SE &, AR IR 2 R L IR BT

PHR SRR o

2) M R % 4 R Tk vy i L TS 5 AR 77
Sy T T IR B ARV, N, SRR AR T
T X P A it P SRR G P R IR, e
Al S 0 T RFEE A JE | B R VR A LA R ) 2
BT

3) RATT R IR i 73 TR R R B Al 1F 5
BB, BeROE FE IR BT AT RS A, A AT
SR FHIRAOTT A A A

4) B RYH I B AR S T SRR
RO TEHREOLT , 207 B R A e 2R HG L B
SRR, S TESS A B R SR HE S AR R B v R )
B SRR R . DAL, A O R T TS TR A Y
TR, IF H A M HE AT AR O f) Bl ke ik 313
JEBURFN G AR H Y

5) AEA R 24 7R Ik 8 SRR 5/ I R B i i 7
o, BR T REOPDR TR AL, SRR AR Z 1 Y
VERCRE . AHDL A= T A HOR MR T B 2,
FERBIR . B A EARE T ZHARMEE G LD K
A, SR B RS BR A 7 B AN (L

6) it BB RELRHIFFE 1 AL TR b B, il
ORI B A . AR . MR R | e
TR PRI S LKL 8 iy B AL ) <5 1 7 i — AP
W

& £ X #:

(1] T30, e, Ja T2, 3 R B AR &k SR RIS [T]. AE
FE S5 HERAAR, 2023, 29(2): 201-219.

Ding W C, He P, Zhou W. Development strategies of the new-type
fertilizer industry in China[J]. Journal of Plant Nutrition and Fertilizers,
2023, 29(2): 201-219.

(2] JAI, T 308 B BoA ALy R G AT 52 (0], A 3R S IR
274z, 2023, 29(1): 1-7.

Zhou W, Ding W C. Strategic researches of reducing fertilizer use
and increasing use efficiency in China in the new era[J]. Journal of
Plant Nutrition and Fertilizers, 2023, 29(1): 1-7.

[3]1 FE3C RRR, FAH. R aBRILEDIE ], KITHE
YIRS EREE, 2005, 14(6): 725-730.

Du C W, Zhou J M, Wang H Y. Advance in polymer-coated
controlled release fertilizers[J]. Resources and Environment in the
Yangtze Basin, 2005, 14(6): 725-730.

[4] Tian C, Sun M X, Zhou X, ef al. Increase in yield and nitrogen use
efficiency of double rice with long-term application of controlled-
release urea[J]. Journal of Integrative Agriculture, 2022, 21(7):
2106-2118.

[5] LyuYF, Yang X D, Pan HY, et al. Impact of fertilization schemes
with different ratios of urea to controlled release nitrogen fertilizer on

environmental sustainability, nitrogen use efficiency and economic


https://doi.org/10.11674/zwyf.2022669
https://doi.org/10.11674/zwyf.2022669
https://doi.org/10.11674/zwyf.2022669
https://doi.org/10.3969/j.issn.1004-8227.2005.06.011
https://doi.org/10.3969/j.issn.1004-8227.2005.06.011
https://doi.org/10.3969/j.issn.1004-8227.2005.06.011
https://doi.org/10.3969/j.issn.1004-8227.2005.06.011
https://doi.org/10.1016/S2095-3119(21)63734-6

1820

W) E SR 50 R

30 45

[10]

(1]

[12]

[13]

[14]

[15]

[16]

benefit of rice production: A study case from Southwest China[J].
Journal of Cleaner Production, 2021, 293: 126198.

EXRN, B, R, A5 IR 2 T RE R AR NLRL A BIT ST IR
et JR[D). W 43Tl 4, 2016, 29(7): 9-22.

Wang X G, Li S'Y, Feng C, et al. Research status and progress of
coated multifunctional slow/controlled release fertilizer[J]. Polymer
Bulletin, 2016, 29(7): 9-22.

B, XIRTE, BHME, 55, S8R IL AR TR A K i Wi
SHECEAr . b E L S5 AR 2020, (5): 34-39.

Zhao Y, Liu X T, Luo J H, et al. Yield, N uptake, and apparent N
balance in spring maize as affected by side bar application of slow/
controlled release fertilizers[J]. Soil and Fertilizer Sciences in China,
2020, (5): 34-39.

X5E. COLMRBEFIIREETH AT KK 43R AR S LA 58 [D].
AL HRER: J0db TR 2= A8, 2023,

Liu L. Effects of elevated atmospheric [CO,] and temperature on
water use efficiency of maize[D]. Handan, Hebei: PhD Dissertation
of Hebei University of Engineering, 2023.

Lawrencia D, Wong S K, Low D Y S, et al. Controlled release
fertilizers: A review on coating materials and mechanism of release
[J]. Plants, 2021, 10(2): 238.

EVE, BRI, B, S5 pHIA AR AR REAL AR R R[]
AL T HERE, 2024, 43(8): 4477-4489 .

Wang Y, Zhang M M, Lyu Y, ef al. pH-responsive materials and their
applications in intelligent Fertilizer[J/OL]. Chemical Industry and
Engineering Progress2024, 43(8): 4477-4489.

IR, Y, FE, 45 bR R L AL R LA ST 3755
BB RACRT]. HAE TR SALRAAR, 2023, 29(11): 2132-2142.
LiJ, Qiao D, Wang Y J, et al. Screening of temperature-sensitive
polyurethane materials to enhance the nutrient intelligent release
of controlled-release fertilizers[J]. Journal of Plant Nutrition and
Fertilizers, 2023, 29(11): 2132-2142.

Ma Z Y, Jia X, HuJ M, et al. Mussel-inspired thermo-sensitive
polydopamine-graft-poly (N-isopropylacrylamide) coating for
controlled-release fertilizer[J]. Journal of Agricultural and Food
Chemistry, 2013, 61(50): 12232—12237.

T, AL, RATSy, A5 PRI P A TR S AR SR R
WFFEHERD]. #3543 T4, 2020, 33(10): 30-36.

Wang C, Li P W, Song S H, et al. Progress in the study of environmental
resopnsive polymer materials and controlled release of fertilizer[J].
Polymer Bulletin, 2020, 33(10): 30-36.

W IR, 12T, WAL R RIS R A AR A R AT
FEHERE[T). Moll TAZIR, 2019, 4(2): 19-25.

Hou X B, Xiao HN, Pan Y F. Research progress of stimuli-responsive
nanomaterials on controlled-release of agrochemicals[J]. Journal of
Forestry Engineering, 2019, 4(2): 19-25.

FEMRT, eIy, BT IR (N- SR EE C IR A BE R N PR 5 )
TEZGW) ik ZET PRI, M BT 2724 4 (B AR B AR,
2018, 44(4): 53-62.

Wei ] W, Bi Y M. Application of temperature responsive polymer
with poly (N-vinylcaprolactam) in drug delivery system[J]. Journal of
Qufu Normal University (Natural Science), 2018, 44(4): 53—62.

KT BE. IR AE WIS RSO BERFT D). AR K

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

BT ARAFWAE IR, 2020,

Zhang Z L. Synthesis and thermoresponsive properties of
polyacrylamide derivatives[D]. Changchun, Jilin: MS Thesis of
Changchun University of Science and Technology, 2020.

Shang H Y, Yang, X X, Liu H. Temperature-responsive hydrogel
prepared from carboxymethyl cellulose-stabilized N-vinylcaprolactam
with potential for fertilizer delivery[J]. Carbohydrate Polymers, 2023,
313: 120875.

Bloksma M M, Bakker D J, Weber C, et al. The effect of hofmeister
salts on the LCST transition of poly (2-oxazoline)s with varying
hydrophilicity[J]. Macromolecular Rapid Communications, 2010,
31(8): 724-728.

R—JL, 5z, i £ IREERAWBRN T 2P it Reog
RIWFFEHERE]. A2 5, 2016, 57(6): 329-333.

Song Y F, Chai Y, Zhang P Y. Progress of thermoresponsive micelles
for controlled drug delivery[J]. Chemical World, 2016, 57(6): 329—
333.

R, R, . TR AU 2R T LTI R TIRN, N-— B A Jk
ZEG(PDMAEMA) /K BRI 1Y A B PERERF 9T []. 448 F-417, 2009,
23(20): 3234, 38.

LiZJ,Dong Z C, Ye W. Synthesis and characteristics of temperature-
sensitive poly (DMAEMA) hydrogels[J]. Materials Reports, 2009,
23(20): 3234, 38.

EB/A, BRI S HAE 251 9 BT [D]. 228U
AL P EREBARIAE T 28 3, 2010.

Wang Y C. Controlled syntheses of polyphosphoesters and their
applications in drug delivery[D]. Hefei, Anhui: PhD Dissertation of
University of Science and Technology of China, 2010.

Wang Y C, Tang L Y, Li Y, Wang J. Thermoresponsive block
copolymers of poly (ethylene glycol) and polyphosphoester: Thermo-
induced self-assembly, biocompatibility, and hydrolytic degradation
[J]. Biomacromolecules, 2009, 10(1): 66—73.

Iwasaki Y, Wachiralarpphaithoon C, Akiyoshi K. Novel
thermoresponsive polymers having biodegradable phosphoester
backbones[J]. Macromolecules, 2007, 40(23): 8136—8138.

Chen Y C, Chen Y H. Thermo and pH-responsive methylcellulose
and hydroxypropyl methylcellulose hydrogels containing K,SO, for
water retention and a controlled-release water-soluble fertilizer[J].
Science of the Total Environment., 2019, 655: 958—967.

Qiu X Y, Hu S W. “Smart” materials based on cellulose: A review of
the preparations, properties, and applications[J]. Materials, 2013,
6(3): 738-781.

Bonetti, L, De Nardo L, Far¢ S. Methylcellulose hydrogels: From
design to applications as smart biomaterials[J]. Tissue Engineering
Part B-reviews., 2020, 27(5): 486—513.

T, SO, W, AR TSR R A SR
kR, 2019, 50(6): 6162-6166.

5[] 2

Long Q, Lu L X, Pan L, Lu L J. Preparation and properties of
temperature sensitive polyurethane membrane[J]. Journal of
Functional Materials, 2019, 50(6): 6162—6166.

JE, a7, SRR, A5 IR Fp OB U R SR AR
#r S CAERELT]. DIRERI M54, 2014, 27(4): 419-425.

Zhou H, Xun R P, Wu K J, ef al. Preparation and porperties of


https://doi.org/10.1016/j.jclepro.2021.126198
https://doi.org/10.3390/plants10020238
https://doi.org/10.11674/zwyf.2023168
https://doi.org/10.11674/zwyf.2023168
https://doi.org/10.11674/zwyf.2023168
https://doi.org/10.1021/jf4038826
https://doi.org/10.1021/jf4038826
https://doi.org/10.1016/j.carbpol.2023.120875
https://doi.org/10.1002/marc.200900843
https://doi.org/10.3321/j.issn:1005-023X.2009.20.011
https://doi.org/10.3321/j.issn:1005-023X.2009.20.011
https://doi.org/10.1021/bm800808q
https://doi.org/10.1021/ma0715573
https://doi.org/10.1016/j.scitotenv.2018.11.264
https://doi.org/10.3390/ma6030738

9 1Y)

IR, % IREERURAY

BRI RE IR . Fe /R BCPERE 5 LIRS it

1821

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

temperature-and pH-sensitive polyurethane membranes[J]. Journal of
Functional Polymers 2014, 27(4): 419-425.
iaR . IR URER A Y PFATE R [0]. TR TR AR AR
%ﬁﬁ), 2017, 34(3): 112—115.
Zhang Q H. Research progress in temperature sensitive polymers[J].
Journal of Chongqing Technology and Business University (Natural
Science Edition), 2017, 34(3): 112—115.
Qiao S L, Wang H. Temperature-responsive polymers: Synthesis,
properties, and biomedical applications[J]. Nano Research., 2018,
11(10): 5400—5423.
Tang L, Wang L, Yang X, et al. Poly (N-isopropylacrylamide)-based
smart hydrogels: Design, properties and applications[J]. Progress in
Materials Science, 2021, 115: 100702.
Pourjavadi A, Kohestanian M, Streb C. pH and thermal dual-
responsive poly (NIPAM-co-GMA)-coated magnetic nanoparticles
via surface-initiated RAFT polymerization for controlled drug
delivery[J]. Materials Science and Engineering: C, 2020, 108:
110418.
Chang C, Wei H, Quan C Y, et al. Fabrication of thermosensitive
PCL - PNIPAAm - PCL triblock copolymeric micelles for drug
delivery[J]. Journal of Polymer Science Part A Polymer Chemistry,
2008, 46(9): 3048—3057.
Xu X H, Bai B, Wang HL, Suo Y R. A near-infrared and temperature-
responsive pesticide release platform through core-shell polydopamine
@PNIPAmM nanocomposites[J]. ACS Applied Materials & Interfaces,
2017, 9(7): 6424—6432.
Wang M T, Fan R R, Yu Q J, et al. Degradable PDA@PNIPAM-TA
nanocomposites for temperature-and NI rlight-controlled pesticide
release[J]. Langmuir, 2023, 39(37): 13109-13120.
HRiE. W BURSR S WA LR I [D]. 1L ER: AR
REERRA2E 7R3, 2009.
Cao Z H. Synthesis of temperature-sensitive polymer and its
application[D]. Wuhan, Hubei: MS Thesis of Huazhong University
of Science and Technology, 2009.
Wang Y L, Song S J, Chu X H, ef al. A new temperature-responsive
controlled-release pesticide formulation — poly (N-isopropylacrylamide)
modified graphene oxide as the nanocarrier for lambda-cyhalothrin
delivery and their application in pesticide transportation[J]. Colloids
and Surfaces. A, Physicochemical and Engineering Aspects, 2021,
612 :125987.

i, HEIGER, P, 2. MR R PSR S R . Al B HRE
FHET FURTHEIR ). AL T3, 2015, 34(8): 3075-3084.
Yang Q L, Kang X M, Sun J, et al. New progress in the design,
synthesis and application of stimuli responsive polymers[J]. Chemical
Industry and Engineering Progress, 2015, 34(8): 3075-3084.
fERE, B, B, 5. RIN-CIREEC IR G A LR I
NEPERERFFEI]. A= R, 2019, 60(10): 684-689.
Wei ]l W, LiJ, Qian Y Y, et al. The study on synthesis and
thermoresponsive property of poly (N-vinylcaprolactam)[J].
Chemical World, 2019, 60(10): 684—689.
Chen CY, Wang Z H, Li Z B. Thermoresponsive polypeptides from
pegylated poly-L-glutamates[J]. Biomacromolecules, 2011, 12(8):
2859-2863.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

Jommanee N, Chanthad C, Manokruang K. Preparation of injectable
hydrogels from temperature and pH responsive grafted chitosan with
tuned gelation temperature suitable for tumor acidic environment[J].
Carbohydrate Polymers, 2018, 198: 486—494.

XU pH/: 32 i 1oy A4 SR B R 4t K itk BEL SR 45 LB B
[D]. YA IR TR 2R 2037383, 2010.
Liu X. Synthesis and applications of polyphosphoester-based
pH/thermo-responsive double-hydrophilic diblock copolymers[D].
Suzhou, Jiangsu: MS Thesis of Soochow University, 2010.
Chenite A, Chapu C, Wang D, et al. Novel injectable neutral
solutions of chitosan form biodegradable gels in situ[J]. Biomaterials,
2000, 21(21): 2155-2161.
e, XBZMG, Bk, 52 R R IR UK BEE BT ok
W TSR, 2018, 38(5): 79-84.
Kang X, Deng A P, Yang S L. Research progress of chitosan based

R[],

thermosensitive hydrogels[J]. China Biotechnology, 2018, 38(5):
79-84.

Silva S M C, Pinto F V, Antunes F E, ef al. Aggregation and gelation
in hydroxypropylmethyl cellulose aqueous solutions[J]. Journal of
Colloid and Interface Science, 2008, 327(2): 333—-340.

Wang Z X, LuJ K, Wu CY, et al. Efficient reclamation phosphate by
alginate-g-BMOF using poly (N-isopropyl acrylamide-co-acrylamide)
as coating for temperature-responsive slow-release P-fertilizer[J].
International Journal of Biological Macromolecules, 2022, 201:
437-447.

Hua B Y, Wei HL, Hu C W, et al. Preparation of pH/temperature-
responsive semi-IPN hydrogels based on sodium alginate and humic
acid as slow-release and water-retention fertilizers[J]. Polymer
Bulletin, 2024, 84(5): 4175—4198.

Lin X Y, Guo L Z, Shaghaleh H, et al. A TEMPO-oxidized cellulose
nanofibers/MOFs hydrogel with temperature and pH responsiveness
for fertilizers slow-release[J]. International Journal of Biological
Macromolecules, 2021, 191: 483—491.

Chi Y, Zhang G L, Xiang Y B, et al. Fabrication of a temperature-
controlled-release herbicide using a nanocomposite[J]. ACS Sustainable
Chemistry & Engineering, 2017, 5(6): 4969—-4975.

Feng C,Lii S Y, Gao C M, et al. “Smart” fertilizer with temperature-
and pH-responsive behavior via surface-initiated polymerization for
controlled release of nutrients[J]. ACS Sustainable Chemistry &
Engineering, 2015, 3(12): 3157-3166.

JEIIR, WRARW, B et 4. TAHOR R A 25 R A S L AT 5
] IR 541, 2011, 29(2): 94-96.

Zhou H, Chen D C, Zeng J X, et al. Structural characteristics and
applications of thermal sensitive polyurethane[J]. Chinese Journal of
Colloid & polymer, 2011, 29(2): 94-96.

XUBEVK, XNLLHE, BOMA . R BN 3R 2 5 A T 2= M B s
FIBFFE[T]. BAME Tk, 2007, 22(4): 20-23.

Liu L B, Liu H M, Jia L C. Effect of soft-segment of polyester on
mechanical properties of polyurethane elastomer[J]. Polyurethane
Industry, 2007, 22(4): 20—-23.

JEIR, B8 R YT, BRARHI, 45, IR EBRE B Y45 ST o RO Rk
RERFHET]. MOEHFZEAAAR, 2010, 24(6): 579-584.

Zhou H, Zeng J X, Chen D C, et al. The crystalization of soft


https://doi.org/10.1007/s12274-018-2121-x
https://doi.org/10.1016/j.pmatsci.2020.100702
https://doi.org/10.1016/j.pmatsci.2020.100702
https://doi.org/10.1016/j.msec.2019.110418
https://doi.org/10.1002/pola.22645
https://doi.org/10.1021/acs.langmuir.3c01515
https://doi.org/10.1021/bm200849m
https://doi.org/10.1016/j.carbpol.2018.06.099
https://doi.org/10.1016/S0142-9612(00)00116-2
https://doi.org/10.1016/j.jcis.2008.08.056
https://doi.org/10.1016/j.jcis.2008.08.056
https://doi.org/10.1016/j.ijbiomac.2022.01.061
https://doi.org/10.1016/j.ijbiomac.2021.09.075
https://doi.org/10.1016/j.ijbiomac.2021.09.075

1822

W) E SR 50 R

30 45

[54]

[55]

[56]

segment of thermal sensitive polyurethane and its intelligent
properties[J]. Chinese Journal of Materials Research, 2010, 24(6):
579-584.

Wh/DZE, SRS, XSO, XUIAE . LMD IR 3R A BR R B
LRI EELD]. =54 F AR 55 TR, 2005, 21(5): 166—170.
Chen S J, SulJ C, Zhao W B, Liu P S. Studies on selecting of the
soft-segment composition of shape memory polyurethane based
liquidated-MDI[J]. Polymer Materials Science & Engineering, 2005,
21(5): 166—170.

Dou H M, Ding J H, Chen H, et al. Bio-based, biodegradable and
amorphous polyurethanes with shape memory behavior at body
temperature[J]. RSC Advance, 2019, 9(23): 13104—-13111.

Yang J H, Chun B C, Chung Y C, Cho J H. Comparison of thermal/

[57]

[58]

mechanical properties and shape memory effect of polyurethane
block-copolymers with planar or bent shape of hard segment[J].
Polymer, 2003, 44(11): 3251-3258.

R, TEIE, R, S IR R RS R R BESE[T]. IR
RS RE 2018, 21(8): 20-23.

Qiu S W, Yan Z, Cheng Z, et al. Research progress in temperature-
sensitive polyurethane modification technology[J]. Modern Paint &
Finishing, 2018, 21(8): 20-23.

Qiao D, LiJ, Zhang S Q, Yang X. Controlled release fertilizer with
temperature-responsive behavior coated using polyether polyol
(PPG)/polycaprolactone (PCL) blend-based polyurethane performs
smart nutrient release[J]. Materials Today Chemistry, 2022, 26:
101249.


https://doi.org/10.3321/j.issn:1000-7555.2005.05.043
https://doi.org/10.3321/j.issn:1000-7555.2005.05.043
https://doi.org/10.1039/C9RA01583C
https://doi.org/10.1016/S0032-3861(03)00260-X
https://doi.org/10.3969/j.issn.1007-9548.2018.08.007
https://doi.org/10.3969/j.issn.1007-9548.2018.08.007
https://doi.org/10.3969/j.issn.1007-9548.2018.08.007
https://doi.org/10.3969/j.issn.1007-9548.2018.08.007
https://doi.org/10.1016/j.mtchem.2022.101249

	1 低临界溶解温度敏感型缓/控释肥料
	1.1 低临界溶解温度(LCST)型温敏聚合物及其温敏机理
	1.1.1 酰胺类温敏聚合物及其温敏机理
	1.1.2 聚醚类温敏性聚合物及其温敏特征
	1.1.3 聚酯类温敏性聚合物及其温敏机理
	1.1.4 多糖类温敏聚合物及其温敏机理

	1.2 LCST类温度敏感型缓/控释肥料及其控释机理
	1.2.1 酰胺类温度敏感型缓/控释肥料温敏特性及其控释机理
	1.2.2 聚醚类温度敏感型缓/控释肥料温敏特性及其控释机理
	1.2.3 聚酯类温度敏感型缓/控释肥料温敏特性及其控释机理
	1.2.4 天然多糖类温度敏感型缓/控释肥料温敏特性及其控释机理


	2 结晶融熔转变温度(Tm)/玻璃化转变温度(Tg)敏感型聚合物包膜控释肥料
	2.1 温敏聚氨酯材料研究进展及其温敏特性
	2.2 温敏聚氨酯包膜控释肥料温敏特征及控释性能研究

	3 结语与展望
	参考文献

