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EARZ T, R 30 min, BB BT A8 (AR B8 AE 4T 43
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Na,PdCl,

APS, H,O, pH=8~9,24 h

Fig. 1 Schematic representation for Pd nanoparticles formation within the PDEA microgel
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1.4.2  Zh6Hs (DLS)

1 0. 005 mol/L NaCl ¥ ¥ 1 0 75 5 L i i,
A3 590 B B 3 B0 0. 02 wi% THUE BT L HE G -
Yok Pd AL 2 B AN [F] pH 9 NaCl i .
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S Hh-n] W3 BE T (UV-Vis) 43531 % ot i
I3HN 0. 02 wi% WUEE L | W e IS -Na, PACL, | R 5E
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1.

1.4.3  #HEHSH(TGA)

1 ) 25 15 2 1Y BUBE IS -2 oK P A R 7R R TR
Futfr A2 T4, ] Perkin-Elmer TGA-7 I $4 &
GIATAGHEAT IR S B, MK 45 N, 30k 10 K/
min , & 5 B M 100 ~ 800 C.

L4.4 X BTG (XRD)

B OBE -0 oK P AR A R R AT LA
TR TS X S R AT 5 o0 A ACE A
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50 mL {7k BUZ IR AW 3 mL F L@ ML,
AR Pd E R pH (E — 5 B RORE -4k Pd 4L
5 OB T H L L Sl UV-Vis 052 AS [a] B
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] 77 325 W 7 AN [F) pH 454 BH B 058 -4 oK
Pd 1) 0 ' FE W B ) 28 Ak 1 iif 2. GIOBE -4 oKk Pd
LA TR AR T T i i 2 T 1) % 0 R AR (k)
AR (3) K
_ de, (3)
di

Horbr e SN TE ¢ B 2 A 5 R 1 10 W A R
(mol L™1) 5 S 42 J@ 4 2K i 1~ B {57 1A BRI JIF X6F 12
AT AL (m® L71) sk, S B0 T RS BT G R 4 38 2%
(s 'mL).
1.5 fEmRER

e 0.1 mol/L NaOH i ¥ 5 1% 8 e -4 >k
Pd AL FIR R (% pH 2k 12,88 J5 LA 3000 r/min [
53 (TDL-50 B0 HL) 250 20 min, 43 85 )5 B FE i
FH 2B TR UE 2 0, 8 % U T8 05 1543 BLU7E
K, 7 20 min 5 TR S .

2 BR5UE

2.1 MHEFHRUER-HK Pd IRRMEG 50
2.1.1 TEM 4 #r

K2 (a) o ol B -2 K Pd A 457 19 TEM
P22 2 CT) T AT A (R e e f 3 40 K Pd
BIAE 20 3.5 nm, 44k Pd k48 20 A 12 (] 2
(b)), A5 40 Kok 7 HA AR i L AR, a4
AL BRI E B O DL PR B Bl
KL T, 3 [Ny PDEA 5 R - 22 18] 1) i 1
AR 1 B 0 7 T B T = % AR (e TEM
AR A AR T I U RY). EA R v Rl i R LA
AR AOK Pd, X AT AE R 2 BOR RS B9 Pd Ok

= k,,c. = ksc

2.0 24 2.8 32 3.6 4.0
Pd particle size (nm)

Fig. 2 TEM images of 0. 02 wt% Pd/PDEA (a) and the size distribution of PANPs (b)
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FARBGE T L 10 a) Microgel + Na,PdCl, 0 h
2.1.2 XRD ﬁ\ﬁ b) Microgel + Na,PdCl, 6 h
¢) Microgel + Na,PdCl, 12 h
B 3 2 o e (T8 3 (a)) AN e -4 >k Pd 0.8 b d)Microgel;—Nadelet‘Mh
. I - ) Metallat le after reducti

AL (P 3 (b) ,3 (e)) 9 XRD %[ 15 s I 5 " Mg
TS A HIRLE (3 (a) ) OIS BORAE pH R
=6 I B 2, B -4 K Pd i 4RI 7 40. 17, £
46. 6°4b 1 B Pd [R5 AF A7 5T 04 (11 3 (b)) . BRI z2
SYBORAE pH =2 F B, BOBE -4 >k Pd AL 0l
gl ok Pd & B BEE N, 7E 40. 1° .46. 6° % 68.1° ’
Kb B P YRR AE A T 06 (T3 (e) ) L3 3 M ATET i

W73 53 45 Pd A T OS2 75 R A R (111) [ (200) I
(220) & 1 A7 5540 — 207, 150 W OE -4 K Pd
HEAL T 45 i 2 Pd A7 AE.

(110) a) PDEA microgel

b) pH =6 Pd/PDEA
¢) pH =2 Pd/PDEA
(200)
. (20
MMMM..&M,_

a

Intensity (a.u.)

10 20 30 40 50 60 70
20(°)

Fig. 3 XRD patterns of PDEA microgel (a), the Pd/PDEA at

N:Pd=1:1 with pH=6 (b) and pH=2 (¢)

2.1.3 UV-Vis J&iE 4 #7

Bl 4 v oa b,oc f1 d il 285 5 A 5 ik —
Na, PdCl, A[F] i # ] 0.6 (12 1 24 h (1 54
Wi 2, NI 4 vhe] B S R R (F) i A
o, (a) ~ (d) 443 50 76 3 1 280 nm 4b A5 W
i, 2% B B e b B AU 96 5 PACL ™ 22 ) A7 1
HVER T VE . U8R I 7E 0 ~ 12 h 2Z 0], 7
280 nm Ab fiY W Wi e R IR S B 25 12 b S, W s 0
WS A R AT 3K T R 2 PR A U R AR Sy — i 55 380 T
4G PACL,” ™ ik J5UAE p PdY . NaBH, 3£ J5Us
(1) S J -4 K P AL 57 26 (e ) 7E 280 nm (1) 16
PETEATH I i — RSk Pd 77 TE.
2.1.4 TGA 4 #7

KIS JE ke e (185 (a) ) FIGICEE FiE-40 oK Pd
AL (B 5(b) ,5(c) ) By TGA . K S thaT L)
BT < 220 CHpJEHI(A) By BTk £ 82
IKBYHE K AE 220 ~ 360 CIf, JE 1 (B) 1Y 5 & 5
I8 T B R i P N 3 Y 4y i, 7E 360 ~ 780 C

300 200 500
Wavelength (nm)

Fig. 4 UV-Visible absorption spectra of a PDEA microgel
in the presence of Na,PdCl, (a, b, ¢ and d), the Pd/

PDEA (e) and PDEA microgel (f)

i, S F(C) B Jo d 468 % 32 2002 [N O e e o8 42
(A RE R T A T R A e P 5
BEE (PS5 (a) ) 1E 360 ~420 C i 2 Bl 1 4 0 fie
HEL, OBE -4 oK Pd AL (T8 S (b)) ,5 () ) 7E
IO 538 9 R P ) o e O A5 O 2 1 T E R DY Ol
2K Pd 5 R0EE I 1 AR B AT 5. R B 4 2R
PR B o B e pH = 6 B 2k (& 5 (b)) Fife
pH =2 ZMF T 0k (1B 5(c)) , Pd 1 7 228 73 il
#28.7% 38.9% ,pH =2 i} Pd i1 1 2% & = F pH
=6 M ki, S N 0 7 pH =2 I folc o e 1A % B
S MWL R T A B T 22 PCL T
100

80

60+

40t

Residual weight (%)

20+

0 . . . . . . .
100 200 300 400 500 600 700 800 900

Temperature (°C )

Fig. 5 TGA of PDEA microgel (a), the Pd/PDEA at
N:Pd=1:1 with pH=6 (b) and pH=2 (c¢)

2.2 RUSER-#AK Pd TR pH M R i E

P 6 S TRl I R R BE I -4 K Pd AR 551 72 A
Al pH {E T 9% IR ¢ . BE pH BB B K, TR se
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Tt , AT RE SRR T 8] R HE SR 1 AR AR /N K AR R
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ST BHOE T4 K Pd i A R AR B A8 A (pH =~
6.8) T, 3 20 i T 40K Pd 5 e i A B AR
A, (AR A e A i e A2 AR Ak 5 B pHLEL A9 A2 1k, L
BEIE -0 K Pd i AR5 55 REE I A I K R LT —
B, Ul W OBE -0 K Pd AR TR O B TR I F AT
(g pH mE

1.0

0.81 ..~ Pure microgel

S 0.6t
With Pd nanoparticles
041 AN
o
0.2 .
2 4 6 8 10

Fig. 6 Variation in deswelling ratio, ¢, as a function of
pH for pure microgels and microgels doped with Pd

nanoparticles

2.3 fRUEERE-OK Pd fiE LAY 4L 1 BE R TE IR
A
2.3.1  BREERE-K Pd AL AL 4-m 5K B

DL 4 - DR ) (04 340 J N Ay R E SR >R FH
UV-Vis X e 58 J5 52 # 47 8 91 2 W58, LA SR BT
BERE-A0K Pd AL 3R] 1o AL MERE. L Pd B it
38.9% K pH fH 6.0 Z T (4 58 e -4 K Pd
SR HORCA HEAR R, AS [T %) NaBH, 38 J5 4 -7 22
fir ) UV-Vis Jei i R ULE 7 (a) . IIEITT LA
Wit 5 52 o7 B T 7 0 A 4~ % 2R Ty 1) AR AiF W i 0
(A =400 nm ) 55 JiF 5 9706 /IN , 4-520 3 2 3 19 5 4F
M (A =308 nm ) 5 J& 5% i 5 i LY
HEATEN 2 22 min, 4-fF 562 T (14 R AF WIS 56 A
RN

7(b) g Pd &K 38. 9% Y IHUEE -4 K
Pd S HOBAE N T pH (BT A A0 I J57 4 - 28 153 114
In(e,/c,) 5 BN A 8 26 1 56 R &L #E ] 7 (b)
T B pH 8K k., (E 26T 5K 4 BB pH
=2.0 i, BHBS T i B -0 oK Pd b F o5 K %
PR | BN 5 IO I I 245 v ) 409 K Pd RS ST
SrBEf 'k, K 24 pH HEE 6.0 I, BRI
KA Lk, (6 R 24 pH ML 6.0 19 % 8.0 1,
T -4 K PR Re U 4 RS b, 18 725 A0 R B
524 pH H F 10. 0, EE -4 K Pd KL F 1] 55 K

A R R AR Rk, (3 K. 7E pH =2 i,
BRI -4k Pd Yk, (6N 2.4 x 1077 s (k, =
1.30x10 "' s 'm? L), 5 Ballauff"** i} 55 41 B 5%
TR JE £ 2R 0 K P HEAR AR ZR Y ke, (1.5 x 107
sT'(k, =1.01 x 107" ™ m ™7 L) A H, W G5
JE -4 K P i Ak 0] LA 5 4 (0 4 A T

2.0
0 min
2 min
L 4 min
= 13 “| 6min
s 8 min
Q
S 10} 20 min
o 22 min
[=]
5]
2
< 05+
0 & 1 ) 1 o= - =
200 300 400 500

In(c/cy)
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Time (s)

Fig. 7 UV spectra of the catalytic reduction of 4-nitrophenol
(a), and the rate constant kapp for the reduction of 4-nitrophenol

at different pH (b)

2.3.2 EERE-AK Pd AL D8 PR

FH B 7 TSR I -2 K Pd AT 7R BR M 5% 1R T TR
P —AH AR BE S E T 8 A B0 A5 O U S BLIR
. 3% 1 O OBE -2 oK Pd A AL 70 4 L 41 ik
AWy SIS AR P AR H Y B A A A A T P B AR
e NFELHR AT LA A 2 05 kA BT

Table 1 Recycling of pH-responsive colloid supported palladium

catalyst in the catalytic reduction of 4-nitrophenol

Run kx.,,,,u(s_l) kll'(s_lm_zL) Content®
Fresh use 2.4x107? 1.30 x10 ! 38.9%
1" use 1.8 x1073 1.15x107" 32.7%
2" use 1.1x1073 1.09 x 10 ™! 21.3%

* Apparent rate consiant;” Rate constant normalized to the surface of
the particles in the system (Eq. 3) ;° The Pd loading of the microgels

determined by TGA
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W/ T BE IR O AR B B R AT AR Ak Pd
PR el A 00 28000 e, T BUEAL I 1

3 #Hig

3ok 2L R A e A pH ) P BH B e
JiE, DA R AR K — A £ 1Y Na, PAC, 7 W08 1 #
FLAE FH 70 93 45 6 B 1 0 1 U008 Je 7 ) 4% 25 4 v
NaBH, A3 Ji 5], Ji A7 & Bk il £ f05E e -0 K
Pd AL il 2515 2 B 910Kk Pd B9 B0 4E 29 R
3.5 nm; AN BOEREE B, PDEA-Na, PdCL, & 4

TR R FE I K 280 nm H B LI, SIF B PACL” T 5
T e 22 1) A7 A6 A BAE FH 75 DL 4-filf 56 8 19 19 34
J SN R R SO, 43 B Tl 8 e -4k oK P i £k )
A AL P RE L TEE B -4 oK Pd A A 551 38 i 4-XF il
HEHE G 10 42 L AR b, 2.4 x 107 s (,
=1.30 x10 " s 'm 7 L), VA HA BRI -4 K Pd 4
A ELAT B e B M A 0 . 0 D o B T e -
YK Pd AL G 28 04 T 28 R AL T 1 Y
AR HEAT T WA R
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Preparation and Performance of pH-Responsive Cationic

Microgel-Pd Nanoparticles as Catalysts

Dan-feng Ye, Ying-hua Shen” , Zhen-fang Yang, Hai-yan Du, Xu-guang Liu
( College of Chemistry and Chemical Engineering , Taiyuan University of Technology, Taiyuan 030024 )

Abstract  Cross-linked sterically stabilized latexes were synthesized by emulsion polymerization of 2-
(diethylamino ) ethyl methacrylate using a bifunctional ethylene glycol dimethacrylate cross-linker and a poly-
(ethylene oxide ) -based macromonomer as the stabilizer. These latexes exhibit reversible swelling properties in
water by adjusting the solution pH. At low pH,they exist as swollen microgels as a result of protonation of the
tertiary amine units. Deswelling occurs above pH =7 [ the effective pKa of poly (2-( diethylamino ) ethyl
methacrylate) ], leading to the formation of the original compact latex particles. PDEA-Pd nanocomposite
particles were prepared via in situ reduction using NaBH, as a reducing agent,based upon a polymer microgel
template method. pH-responsive microgel-nano metal particle composite system can be prepared for catalyses
which proceed under acidic conditions. The composite system of the microgel and the metal nanoparticles form
homogeneous phase with the physics reaction,which can effectively improve the catalytic efficiency, and after
completion of the reaction the system can be adjusted at alkaling conditions for recycling. TEM ,UV-Vis, XRD
and TGA were used to characterize Pd particle size,the PDEA-Na,PdCl, composite microspheres interaction,
Pd crystal form and Pd loadings. TEM images showed the Pd particle diameter was about 3.5 nm. The rate
constant k_ for the reduction of 4-nitrophenol in presence of PDEA-Pd nanocomposite particles was studied by
UV-Vis spectroscopy, which suggested the PDEA-Pd nanocomposite particles had good catalytic activity. The
pH-responsive catalyst can be easily separated from the reaction mixture and readily recovered.

Keywords Cationic microgel, pH-responsive, Pd nanoparticle, Catalytic activity
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