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Preparation of thermo-sensitive molecularly imprinted hydrogels and their
adsorption properties for organophosphorus flame retardants
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(1. College of Chemistry and Materials Engineering, Zhejiang A&F University, Hangzhou 311300, Zhejiang, China;
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Abstract: [Objective] The objective is to prepare thermo-sensitive molecularly imprinted hydrogels (T-MIHs).
[Method] Tris (2-chloropropyl) phosphate (TCPP) was used as template molecule, acrylic acid as functional
monomer, N-isopropylacrylamide as thermo-sensitive monomer, N,N’-methylene-bis-acrylamide as crosslinking
agent and ammonium persulfate as initiator. The thermo-sensitive T-MIHs was prepared by free radical
polymerization. The structure of the raw materials was characterized by infrared spectroscopy, nuclear magnetic
resonance spectroscopy, scanning electron microscopy, and differential scanning calorimeter. The specific
recognition performance of the hydrogel on template molecules was also investigated. [Result] T-MIHs
was successfully prepared and its lowest critical dissolution temperature was 39 °C. The adsorption isotherm
conformed to the Langmuir adsorption theoretical model, and the adsorption kinetics conformed to the pseudo-
first-order kinetic model. The molecularly imprinted hydrogel showed a good selective recognition for TCPP,
and its adsorption capacity for the template molecule was 119.32 mg-g ', the imprinting factor a=3.75, the

selection factor f=2.75, and the identification of TCPP was temperature responsive. [ Conclusion] T-MIHs has
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excellent adsorption effect on TCPP in aqueous solution, which is of great significance for building thermo-
sensitive imprinted hydrogels with high selectivity for organophosphorus flame retardants. [Ch, 9 fig. 4 tab. 30
ref.]

Key words: organophosphorus flame retardant; thermo-sensitive hydrogel; molecular imprinting; selectivity
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Bz T RS i8S o S AU REER T 73 b B B T R W M, LR AR L3
BEIRTE e £ . BB R MR = (2-5 2 5L) ik (TCEP). iR = (2-S N &L) ik (TCPP) MBI = (1, 3-—
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1.1 #RENEE

N-S AR BERE (SHral, FEaBeh 98%), MR (OrHral, B/ 8Ch 99%), NN'-IF H XL
VIR BERE (O Hral, R 80h 98%) W T LBl R Tk A BRA R s R e (fh2fal, TRy 5ch
98%), HIFLWHN (HrHrali, B sch 99%) W T E 25 k2= A BR A R 3R = -5 3E) BRI
F Mg H IR A ARAT FRA A

UV-2550 #2840 3 6O EE I (Shimadzu, H7R); IRPrestige-21 AU 37 it AR 4 21 115X (Shimadzu,
HZ); DF-101S BUEAHE ik as LT T RAESA R A F], E); AVANCE Il HD-400M A4
HHRPE AL (Bruker, Fn-f); Quanta 200FEG RIS HAH ML F 0 G045 (FEI, EE); B2 T At ti bk
PHAAEFA R A E], HE); SIA-10N BB ZRTEHL (T i XA A R A\, HE); DSC Q2000 #Y
ZAREMER(TA, EH),
1.2 EHESFEIFKERR S

27 R [20] T & IRBUKEERS , FH456 50 FENIHOR 45 T-MIHs. HX 0.48 mmol 4k 5>+ TCPP.
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22.09 mmol I B LR N-5 75 3 MR BEe (NIPAm). 21.86 mmol JJ BE BRI IR (AA). 0.16 mmol 38Kk
NN L S0P 0 BE e (MBAA) T 10 mL K8 o, A 2.5 mL — F 357 AR 48 75 7 % 20 min,
ARSI 0.04 mmol 51 & KIS HEREL (APS), FLATEMHRES), AR A 90 C i 10 min, 1538 g
FEE B =4 . RO 58 B K T AR 7K BE S ) e/ N B SE FH S0 mL H R« 2R R 9 1(IRFR L) AV IRTEI 3 d
B 12 h 4 1 REBER), SRJ5 (P B 24 h, B398 EVEMORAR L K R IO B BAA KK BRI 60 °C
BT, 153 T-MIHs, AE R0 BE il 25 R 8l BN /K BE IS (T-NIHs), %8 T-MIHs f97C H 3 5)1R 6
B AA/NIPAm RiR, SRIGIMA—@& B R . B T AN s> TCPP, HAth BAEAES T-
MIHs A A .
1.3 REESTFENIHKBRRNEHRERRIE

K8 AR LT AMETE A T 00T, HIHEIE A 4 000~400 e ' CRERE AR VR T, BFEE KRR,
SR FHAZE Rl AR SO 3 P C Mg L PR I (NMR) 3%, H/X RUHR R ER S, 4 mm A ALE (2r0,) 7,
B 5 kHz, HMILIRIE 100.625 MHz, KFERFA] 5.12 ps, fEFREERT 6.50 ps, FAFMKEL 4 096 K ; FH b
LRGSR AT, BB B 5 T R R S TR
1.4 REIE ST EN T 7K R B Y IR B 1 BE sk

R T R TR BOED 0 7 B B M AT, SR FH R o 0 7K R A A () 5k 2 AR K b ) S A kR
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50 °C) BT 10 mL Z&1R/K iR B 24 he TR Rk TR R K B ], B IOP i), FEAtE T
BECR TR, IC SRR BERAE S R B AT BT i mygy,, YFATINE 3 0, HHAPETR KR R,:
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myg
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1 22 7R P SO R /K BRI PR BE . FRE 5~10 mg THREES:, AUSSUF (FifE: 60 mL-min™"),
FHEH A 10 C-min™', FHEIEF 10~120 C. RAEFESAETHR DR AT EARL, 15 2085 A K il
&, A ERE .
1.6 EBIEY 4T EN R 7k EE B B TR Bt 1 BE A 3T
1.6.1 T-MIHs/T-NIHs # TCPP #5 & M 3h /1 B % 435I FKHL 10 mg T-MIHs #1 T-NIHs & F* 10 mL .0
B, mEOEHRMA SmL 1.5 mg L' (9 TCPP iAW, fHEMME, 2%F 1. 2. 4. 6. 8, 10, 12,
24, 32, 48, 72 h IFWRHC L35, FHERANMYCCEETHM G, SRS TCPP i iR i . AR
W BRI S TR T S v B AR Ak, AR KBRS 43 B W B O(mg- g7™'):
_ (Co=CxV

m

R x100%. (D

0 x100% » (2)

L @) Coo C ARG BT iR B (mge L) RS — B (B] A9 935 VR0 R B (mg- L), VAR SR
MHAR AT (L), m ARFREIE AR (2).
TEFEAE— AN 205 1R T-MIHs F1 T-NIHs (W R AT e el , b0 T .
In(ge—q:) =Inge—k1t; (3

i1 .1 4
q: tkzqg qe

K G)(4) H e qe BN g, 53 51 A 7K RS W B 15 30 SF- A B RN ¢ B B AR AL 0 IR i (mge g ), ke R K A3

SR —2 . T B R R

1.6.2  T-MIHs/T-NIHs # TCPP #4488 AT % W& 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.7. 1.9mg-L"

i) TCPP AW T 10 mL 2508 1, & MA 10 mg T-MIHs F1 T-NIHs, {8 I W FfF 24 b, i W B ik 3574

W EIE WIS AN G BE TR I RO, TR M S TCPP 1y i ik . #%2C (2) THE BRI AR AR 73

F R B O(mg- g ™). K Langmuir fl Freundlich W B A9 %5 T-MIHs F1 T-NIHs A9 55 iR 0% B4k g4 1
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Figure 1  Synthetic route of thermosensitive imprinting hydrogel
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2.2 T-MIHs/T-NIHs BY£I5M i 43 4

A 2 ] 1. T-MIHs Fl T-NIHs 43 5 7£ 1 632
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C—H /‘%rc EEH ﬂfdjj , 1277 cem™! jj P=0O E/‘J ﬁﬁéﬁ?}l%ij]% Figure 2 FT-IRspectra of T-MIHs(A) and T-NIHs(B)
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MIHs Byl e8, Bt oot ek,
2.3 REIE S TFEN K R AR B AR R E IR BRI 45 4T

H & 3 A %1: NIPAm ) Cq. AA 1) C, X MBAA 1) C,. C (M &R )i 1) Wens BEa 55, 1 T-MIHs 1
BCIE AR (0) R 173 AR B Cy Co Ml Cp (B IE R I 1) BORL RGBS 1, 0=39 AL B Cs5. Cou C5,
Cg. Cio. Ciov Cyz MUBREHE OF H JE6R I T) AREBE IS0, 0=19 &bk C) F1 Co(FF B0 R T) WA RE I 1%
W T Cy A AU B A SR R L B /b, AR BE ARG, ke FR LR AR SR T S e A B . 4
R IKBERE BRI 645 o

3 Ly, 1
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Figure 3 C NMR of the temperature sensitive molecularly imprinted hydrogel
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100 pm

B 4 T-MIHs (A) #= T-NIHs (B) #9424 & 42
Figure 4 Scanning election microscopy images of T-MIHs (A) and T-NIHs (B)
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DL NIPAm A Uy fig A il 25 B /K BRI, AT LAJS I PRI I B (AR, 7R3 ik 5 4 7K =2 ) e A T i A
RFAEL . IAIEL S BT UL . T-MIHs % il B AR £k LA B S A a0 e o 4, #E 45~50 °C B8 i 174 ~F- £ %5 Ak
FAMMAK, HLE 40 C BHE, WRIMENRIREEA T REK, HILATIAH: 40 C 2247 B K BERE I
Il S VIR B (LCST) {H . T-NIHs 7EAN [FREREE T 09 Pl Ik A8 {35 5 T-MIHs SEASARL, i W AR
53 (TCPP) 175 ] ARF 7K B8 M 1t AH 22 Tk B2 52 M 870
2.6 T-MIHs/T-NIHs By BE 4T

HA & IR SR E, RBRESN AR AR AL A AR R FRAR AR, 2 B I 5 K A 43 i e A Y A
BN . MIE 6 ATLAE H . THEZ TR, T-MIHs 1639 °C 2o 47 I Bg , T-NIHs 59428 6 B 8%, 7
37 °C 2oy iR A SRITRHE TR EE 09 T, KBERCR IS A . a5 RS IR R i e 45 SR EE AR
K3k, RUINPREAS, RIS o 45 R UE W65 i K BER OR B PNIPAm AR BSCREME . T
NIPAm SRR Gt B8 o] A LA S 25 ol AR TSR W %) LCST {8, B /K M 2R B Rk 2 (i AR I S35 VR L
B (LCST) fHFEAK, SE/K IR R & ff LCST fE T+, it T-MIHs, T-NIHs () LCST {E 30 = T
PNIPAm [ LCST {H.
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Figure 5 Effect of temperature on swelling ratio (SR) of T-MIHs and Figure 6 Differential scanning calorimeter (DSC) curves of T-MIHs
T-NIHs and T-NIHs
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Fic il 0.1~1.5 mg-L™" ) TCPP/TCEP/TDCPP AR, FIH S AN e BT & Hot i, It 2241
PriE £k (% ). Mk 8F5E T-MIHs Xt TCPP (42 8380 5 A BB F7, %F HE 47 G 240 b A B 38
BRIk, 25 aNE 7 MR 2 PR XFE 2 AN sl 12 r BRI A 454, T-MIHs F1 T-NIHs i #E—23) 7)
AR REL (G191 0.952 5 F110.955 3) 78 T —Zhah S 2 il & 250 (20908 0.827 5 10.921 2),
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%1 HEED OPFRs BItREHMZLHZ
Table 1 Standard curve equation of OPFRs in methanol
T Jife R brifE2e EililE= P
TCPP y=0.555 6x+0.001 5 0.999 2 0.0156 6 <<0.000 1
TCEP y=0.600 4x—0.036 4 0.990 1 0.061 1 6 <<0.000 1
TDCPP y=0.561 3x—0.004 2 0.992 5 0.056 6 6 <<0.000 1
VLT BRI S (me L)y W AL S G
60 - A 17 B i
: :?2 1.6 .
55 | y=—0.024 3x+5.763 1 X 15 s
; . I 14 F. »=0.001 3x+0.001 4
= 50 p 1.3 L L L |
Iy 0 0.05 0.10 0.15 0.20
= y=—0.029 6x+4.878 0 h
g 45 + . 12 l
S
40 L = 8 /
< 4 - y=0.024 5x+0.003 3
35 I .| — 0 Il Il Il Il Il Il ]
0 10 20 30 40 50 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
t/h t/h
«T-MIPs  « T-NIPs «T-MIHs - T-NIHs
B7 E—BIHHFHEA) REZRIHNF T B) MESHEE
Figure 7 Fitting curve diagram of Pseudo-first-order equation (A) and Pseudo-second-order equation (B)
&2 R HFERSY
Table 2 Adsorption dynamic model parameter
WE—3h )1 HE— a3
B JifE gJ/(mg-g™) K, i go/(mg- g™") K, R
T-MIHs  y; =-0.029 6x; +4.8780 131.3637 0.0296 09525 y,=0.001 3x, +0.001 4 714.2857 0.0016 0.8275
T-NIHs y1=-0.0243x; +5.763 1 3183431 0.0242 0.9553  »,=10.024 5x, + 0.003 3 303.951 4 0.0087 0.9212

U 8 In(ge—q), x1 78 65 20 Vg, 0 ¢
X % BH T-MIHs F1 T-NIHs {9 W ff 1o 72 58 455 & v — g sh Jy 22 W B R AE T B 33 2R 43 51 SR 0.029 6 Tl

0.024 2 g-mg '*min"',

M T-MIHs % T-NIHs /) Langmuir J7 # (R* 5354 0.994 0 1 0.991 4) F1 Freundlich J5 7 (R* 73 5l A
0.986 2 1 0.991 0) LA AR EL (B 8 A& 3) i LIF . Langmuir W AR ZEVEAH S T Freundlich

4.0
35+
3.0
2.5
2.0 -
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/o,
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0.5 y=0.008 6x+0.194 0
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2'0 1 1 1 1 1
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InC

e
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A 8 Langmuir (A) #= Freundlich (B) %% "R M AL A A £

Figure 8 Fitting curves of Langmuir (A) and Freundlich (B) isotherm adsorption models
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Table 3 Adsorption isothermal equation parameters

Langmuir¥ Fi S5 28 Freundlich i} 5515 2k
i Jifd K Oma/(mgg") R Jitd Ky n R
T-MIHs ~ »,=00086x+0.1940 00442 1166861 09940  y,=03876x,+2.8359  17.0450 2.5803  0.9862
T-NIHs y1=0.018 5x;+1.2696  0.014 6 54.083 3 0.991 4 ¥, =0.613 2x,+0.686 5 1.986 8 1.6308  0.9910

ﬁé% ydﬂ Ce/Qe, X]j‘] Ce; yﬂ] ane’ Xzy‘:’ lnCe

R, T-MIHs F1 T-NIHs % TCPP (1) 45 Y5 W i 2+
W74 Langmuir £27 , Langmuir #5075 Y 2 7 25

x4 FERHFIZT TCPP HIMR B 68 71 EL B

Table 4 Comparison of adsorption capacity of TCPP on different

absorbents

TG T W B LA B TR R 5 £ 0% B 590 3 T R AT 25 [

WEHEAER IR T BB HING T-MIHs B T-NIHs 4 i R
TCPP {1 4414 {25 Il O 23 . vl
24 116.686 1 #1 54.083 3 mg-g o WAh, 254 Wk A Xt o103 2
RS e M 2 95 (e 4), 45 2] T- e B
MIHs X TCPP HAT {1t 5 A M BACR —

NARFE T-MIHs R0, B85 TCPP 45 140 -
2 ALL1) TCEP 1 TDCPP Ay WP , 3 iod - 1 S 749
B 5 50 90 5 T-MITHS S 3 14 45 9 16 7 5 0 Y wl v iy
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Figure 9 The selective adsorption effect of T-MIHs and T-NIHs on

different substrates
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