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i B AE Sn BCHER) S TR, BT SRR
Bi1E DHA HEALEE A il £ LRI Hh it B B PR
i, BATR A =i Bt R Y P123 4k =
I R REEAE T i 3 FLBRIR B (SnPO), 1A%
247 SnPO S5 A4 RN 1fT W 1E 52 i HoAE AL DHA il 55
FLIR 1 15 S IS 1k R A LA, IF00 22 234 T SnPO i
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INERH# SnPO {4k DHA il 5 FLAR FF g 09 M 5k 0%
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1 SEEGHERSY

1.1 X5

13- RN (i d=97%). ERmE (5
IO 40% BYIKIRIR), 1 REBHATBRA 75
BE. P, FLRRWER. NEREEAE R, bl b
BT R T A AR A BR A F; Pluronic P-123 (PEO,-
PPO,,-PEO,,, 7+ T4 5 800), 2 [H Bk /A vl ; Tk
4 US4k (SnCl,-5H,0). BER (k& 4> %k =
85.0%), 254 Akl AT PR A F.
1.2 EAFIFES R
1.2.1 BEERB %

A FLBAER B3R A SCRRARE (7 i BEAT i 45
B 5ok 11.5 g HyPO, (0.1 mol) F1 10 g P123 ¥ T
150 mL &Kk, ZiRHidE 3 h 2 P123 W
fift; SR 5 35 g SnCl,-5H,0 (0.1 mol) ¥ T 50 mL
FBFKP IS IR LA b, e
EeJR kSt 3 hy S B R IR AW A BA
FEIRIE A AN 5 59 %% A N 48 N A 80 °C LA
WAk 72 h SRR AR B 5, FHAKCR 21
LR, HEIERAMAEEE T, 120 C JdK T
HEJ5 43 BIE 300, 400, 500, 600 £ 700 °C (1% 5h
225 MRS 4 h, 15 BIRHESICAE SnPO-x (x fERES
BEIRE, 40 SnPO-500).
1.2.2 W RAE

BERRE AR Sn AP ) F R H HLUIEHE & 45
BRI & SHEREY (ICP-OES, Agilent 730) i
A5 o2 T RURNFL A5 A8 R N, 9 B B kA 7
A3HT. BERRE SEAE 300 °C B2 AL R 2 h, SR )5 A
A Autosorb-iQ S AR [ 43 #r{X (Quantachrome) 7&

AR (—196 °C) THEAT N, W AR B 52 56, R
A £ #5 Brunauer-Emmett-Teller (BET) 15 b 5%
T Sger, oK A Barrett-Joyner-Halenda (BJH) ¥ 11
FALEAR D, I LA PIP=0.99 4b i1 Bt FL A&
TRV FE G 1 SR AR ZE AR FH A R X-S 44T (XRD,
Rigaku D/Max-2600) #47 RAE, MHA S5 4 Cu #8
(Ky, 4 =0.154 2 nm), TAEHLE 40 kV, LI 120 mA,
FAHE R 4 (°)/min; BE & BITESROZE A 2R T
% 55Fi% G L F W 8 (TEM, JEOL JEM 2100) 47
A3 M7 AR SR 4T S (FT-TR) Al Raman Y6 i%
43 531 K FH Nicolet 6700 %I BL - 21 41 S 3% /X Al
inVia Raman Jt: %% (633 nm, Renishaw) #4710 5%;
% e S A3 A SR ML IE I 21 AP 03 (Py-IR) #E4T
A3 HT, BE S SETE 350 C 2% (KT 107 Pa) it
AR FE L 2 h, BEIRZE 50 °C SR FHLEE 0.5 h, SR )5 5
TR 200 F1 350 C I EHASBHTLEE 0.5 h, [F]H}
0% 400~4 000 cm ' [E P AYZLAME S Sn Al P Y
HL 45 B RE SR AT B3R AL X-BFER IR (AL K,
hv =1 486.7 eV) G H F g% 1L (XPS, EscaLab
250Xi) #EATI A2, fE i BHE DL C 1s LT 45 A g
284.8 eV YENARHESEATRCAE ; B I Ak 751 2R 1T 1
UURW) R A E-25 31 (TG-DTA, Thermo SDT-650)
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WA 0.5 mol/L () DHA H B i Al — 28 Jo i 1Y)
AT, LA S °C/min (13058 TR 2 H AR IR R I
THF. RBZE U, PP 2K HRIERE (0.45 pm)
oy B JE AT A5 3 . Horh, DHA #4630 R I &
i Bio-Rad Aminex HPX-87H #5414} (300x7.8 mm)
B = RO 6 3% { (HPLC, Agilent 1200 Infinity) i
17 i, PR B R I & A Supelco WAX-10
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Fig.1 (a) N, adsorption-desorption isotherms; (b) XRD and (c) SAXRD patterns; (d) FT-IR and (¢) Ramanspectra of the

SnPO samples calcined at different temperatures

EAb, Bk B EE A 300 £2555] 700 °C, [AIHFR
BRI PIP, 2 XA, 150 B2 i i e iR A 1+
PAFER R FLEE. %183 SnPO HA J5fbl SBA-
15 By 4 fLaE 254, HALAE R BIH ik T4
A O B SRR R W B AT T, S5 SRR 1 rgl.
Bifi 155 e I FE AN 300 2 75 2] 700 °C, SnPO FFLAE M
53 3K #] 7.5 nm. 5 AR [F], SnPO 4 Lt 2 [ AR
FLIARFRLE 300~500 °C B X (0] JCRH B A8 1k, (H i
HE—2E 3] 700 °C 1 BB N, 255 HTkE
a9 L2 T AR AIFLIRER, 500 °C hid B AR BeiiL,

1 EIRIREXS SnPO #mMIEL F 1% AT
Table 1 Effect of the calcination temperature on the

physiochemical properties of SnPO samples

Sger V. D

Samples — ’ - ’

/(m™-g ) /(mL-g ) /nm
SnPO-300 268 0.398 5.3
SnPO-400 254 0.378 5.6
SnPO-500 279 0.445 6.1
SnPO-600 229 0.381 6.4
SnPO-700 203 0.374 7.5
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it SnPO-500 9 b F AL . FLARBLFNFLAR 23 00
279 m’>g ', 0.445mL-g ' 6.1 nm.

E 1(b) F1 1(c) 43BN RIREE RS BE SnPO A
A H L XRD §5 B INATE X-S26A15F (SAXRD)
. Bk £ 1 SnPO BEANAE 15°~40°3E il P Jé
PR B8 AT ST AL, R L SnO,. Sn(HPO,),.
Sny(PO,),. SnP,0, %5 il A A A7 S e, UE S 7K A2 il
#51Y SnPO K f R R KB )7 I B TR ) b A,
H B UITCE BRI A 7E. BRI I 300 42
= 2] 700 °C, SnPO i A9 H AL XRD 3% 5 A & A= B
AR FLVEA WSS B BT B AT 0, 5 500 °C Ribe)s
H: SAXRD 3% 1E 260 fy 0.76°40 H BB 5 19 17 5
U, FeIRRBERE bR E5AE T M1 77 P123 J5 SnPO £ 5 BE
I ISl SBA-15 Ay FL 45 # H B A K 4 () #1a
SEHE.

SnPO HF it 1 240 B 2544 i — 20K H FT-IR #11
Raman Y dEAT AN, &5 R 401l 1(d) F1 1(e) Pin.
P 1(d) HFT L1095 em ' Sy F L PR B IR A 06 X )R T
Sn—O—P IIARXFRMZEIRSN, 760 cm ' b A5 K
WP T P—O—P HRIEE AR X FRAR SN, 526 cm ' A4k
14 55 W e U U5 g 1 PO, 19 i 41k 21y, JIESE SnPO
BE A R R BB R e A 7T LA, 3400~
3600 cm ' A A E W ACHE Y T 3 THT FR IR B AN X Bk e
ZEPREN, 1628 cm Ak ARG HSg e DU 2 26 1T VB 7
Oy TS RS . A1 FT-IR PE35AR H, Raman
JETEXT SnPO B &t AR 2 T 45 F4 T A R . AR
FEREBER) SnPO FESTE 330, 421, 497, 578, 1044
1165 cm ' 4k ¥ H B B A9 Raman i, Hr
330 cm ' Ab I JE TRERR IR T O—P—O0 WYL IE
PE3h 6(PO,), 400~500F1 500~600 cm ' Ab (1) 14 43 51|
Xt T O—P—0 [ v, Al v, Z 1R S, 970 em ' &b
B 55 1 09 BT P—O—P A F ¥R 3, 1 044 il
1165 cm ' &b (i Y5 T R AR 2 T O—P—O
AIARSIRR R 2 v, (PO,)” . 3R FT-IR 1 Raman
B o Brad S B, SC0 45 19 SnPO A i EZLL
IEBSRREIEAFAE, RIBHERE S D 1 R RSk

SnPO # i BTSN OM 45 #a i — % ] TEM
PEFT 43T, S5 R E 2 iR, SnPO FRI AR AN —I) F
ARG KL T T HEHE B K, 2 AR ) IR 254 FL
HA AL SBA-15 ) —HEFLIELEH, S5 1(a) HA
A RS2 56 T A [l BRI ALt TEM
A SnPO-500 £ it i FLAE K 4.8 nm, BEAIE T
BJH B339 6.1 nm(F% 1). 458 A B3

Rt &4, BT 0 SnPO FBE i i i FL)Z AR AT KL, 5
Dutta 25" I Y45 R — B HAA S A 1(b) Fl 1(c)
1 XRD FAF45

P 2 SnPO-500 F:fi i) TEM &1 5
Fig.2 TEM image of the SnPO-500 sample
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495.4 eV Kb (153 5 % B F Sn 3ds, Ml Sn 3d,, FF:
HIZHZ R4 G2 HA 8.4 eV, TESE
SnPO #£ & Sn TEE L Sn* LR AE e, 18 3(b)
TP 2p 1E 133.5 eV AL IS A REN P 2ps, FIL P 2py,
(8, Xt T PO, PU TR BE A7 1 P EL IE B R
W R AR B TR BN UR™Y. LA T
SnPO #4514 FT-IR. Raman F1 XPS Kl K AE4,
AT Sny(POy), J& SnPO A iy i (1) R ZE W fp, R4
XPS 4553 7R SnPO RHAY P Sn FE/REL (1.21 ¢ 1)
BEAIR T Sny(PO,), MFIBME (1.33 1 1),

2.1.2 bR

SnPO #f R ME R FH R Py-IR F AR E1 736
fiF, Z5 SN El 4 TR, 1540 F1 1450 cm ' BiHE 925
il % 3 R A0 3 01 %o 7 T L BEAE B BR AN L R AV s
FRITRZ FFF, 1490 cm ' Ab Bty g WA e D) J2- % B 7 B 7R I
L PR AN 5 A T E 491 4R s 200 19 8 i, 2 B SnPO
FTH R AETE B FR AN L BRY A, WangZE' A%, B
MR 3 2R IR T SnPO R Y P-OH ¥y, L 2 I I
F Sn—O—P B4 T ARELAL Y Sn LK LA AS
T Sn 257,

SnPO i B FRAT L F& Y5 4347 2R F A ]
FFHE B Y Py-IR B3 E4 75387, (& 4(a) 200 C /Y
fIGIR Py-TR B 45 A9 2 SnPO 3 11 (14 5 i e B H:
I3A5, E 4(b) H 350 °C AT IR Py-TIR [R5 5 ML i) Je:
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Fig.3 (a) Sn 3d and (b) P 2p XPS spectra of the fresh and used SnPO-500 catalysts

(a) Py-IR at 200 °C

L
as-prepared B B+L
2
<
g | 300°C
53
2
e
2
2
< | s00°C

1700 1650 1600 1550 1500 1450 1400
Wavenumber/(cm™)

(b) Py-IR at 350 °C

B+L
as-prepared B

300 °C

500 °C

1700 1650 1600 1550 1500 1450 1400
Wavenumber/(cm™)

Absorbance (a.u.)

Bl 4 IR LB SnPO FEELTE (a) 200 °C F (b) 350 °C AYMEBELT AL
Fig.4 Py-IR spectra recorded at (a) 200 °C and (b) 350 °C for the SnPO samples calcined at different temperatures

HRER R M H oA FEF IR 4 o B IR AT L BRI IACIE 1
T A% Emeis 1738 MBS /R IEE R B, 29T
AN R BE K5 e)e SnPO A Ak 57 1% 2 1 S HL A
300 C #5BEJ5 Y SnPO R FEEAFLESS LR, ik
L i F1 B R, 43514 26 Fi1 17 umol-g ', B — iR

B HAE (L B) b 1.5 B A% b T FE AL 300 42 = %]
500 °C, SnPO £ T H5ik B ik 1) oI ARk, {H
5 L IR AN 26 KR E4R R 2 63 pmol-g |, L : B
FI(Ed AR DA 1.5 $EE 2 3.0; dE— 4R m ks i
F] 700 °C, SnPO F [ H1i#: B iR ff) i FEAARAR, Hioi

R 2 BERIBEXT SnPO #57 B B2F0 L BR B4 IH

Table 2 Amounts of B and L acid sites on the SnPO catalysts calcined at different temperatures

Total acid/(umol-g ', 200 °C)

Medium & strong acid /(umol-g ', 350 °C)

7/°C

B L B+L L/B B L B+L L/B
- 33 114 147 35 14 46 60 33
300 25 118 143 4.7 17 26 43 1.5
500 43 179 223 4.1 21 63 84 3.0
700 30 127 157 4.2 21 41 62 2.0
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L BRI HIN 63 EFEARE] 41 umol-g ', [ B
# L : BAEW/INR 2.0. DL EEdER I, SnPO #5111
T ER B N 500 °C, MERHMEEALFI YRR MR,
SR AT 84 pmol-g | HL IR LR Y & B
(L : B=3.0).
2.2 E R BTN
2.2.1 HEALFIRIROER

PSR BE RE A% R4S SnPO L 7 Y L 2 T FH
FLAARFRURN 2 R v, 1 152 e FLAREfb DHA il 45 7L
i F R RO PR, Q02 3 A1), B SnPO K% T BE A
300 #2731 600 °C, DHA 55 L R Y4EFF1E 58% £

A, (B — A R R PRI F1) 700 °C #1530 DHA
(AL R T N 46.1%, 545 He 2 i B FLAA
FRAS AR — B SRR B I P123 il & 19 (A
PR LR (142 m* g ) FIFLIAFR (0.213 mL-g )
SnPO 1 J A7), DHA %% 4k R I 3k — AL B A
34.4%. Pighin 257 Al DHA F 7K S 440 52 7 %4
AT A R B FF N OB, h AR L 2 5510 B kY
Al LA DHA 1961k, RS2 5045 2119 DHA %1k
5 SnPO [R5 BE B 43 A7 T b SCHK, B i 55 4
AR 2 TRV FLAR B IE A 5C, B 71k 7] 1 16
P 22 ke T L T R PR 57 A ) T SRR

3 KEIRIREX SnPO 1L DHA i & 2L 88 F g i Sz 14 BE RIS I

Table 3 Effect of calcination temperature on the performance of SnPO catalysts in the conversion of DHA to methyl lactate

Selectivity/%

T/C X(DHA)/%

ML GLADA PADA
300 57.2 59.4 35 37.1
400 58.1 63.4 3.8 329
500 56.2 74.6 2.6 22.8
600 60.2 48.5 11.2 40.4
700 46.1 39.2 17.6 432

Conditions: 5 mmol DHA in 10 mL methanol, 0.2 g SnPO-500 catalysts, 40 °C, 2 h

Y DHA 46 AR [R], 2L IR W IR Y 328 1% 1% Bl
SnPO KB B N 59.4% FHIRIE K, 7E 500 C
R I IR B B KA 74.6%, SR 5 DRE AR N 39.2%;
FHR b, FLAER B EE AU AE SnPO-500 Sk 4 £k 5] it
K E i KAB 41.9%, UESE SnPO i A7) Y 38 B e
TR 500 °C. FLIR B 16 R 1 B A L0 R0 a5 e 1
v A S R PR AR i A L : B (AR AL A —
3, B DHA HEAFL A0 7= 9 53 #i 5 A Ak 50 ) 1R
PEZE YA OC, B L MR AY38 % e L« B AR = e
i PN R A K HL 46 % A& Cannizzaro T HEG b N
FLER H S, 1M A B BRI R TR =4 GLADA
F1 PADA R . Rk, DHA [5) 7L 82 g Ao f Ak 5%
L B R L R EMAIZ 5, #4811 SnPO #Efk
N 2% 2 A A B R . B Y LR FNIE LW
L: B ™"

2.2.2 AN R

Sk FEf# SnPO 1k DAH il £ FL R FH IS 14 )2 i
A, RATRGME T RARE . AR R
JOE S )T 7= ) 43 AT s i, 25 A&l 5 . 1 S(a)

T RBE RN R 20 THETE] 80 °C, DHA Y%L {b%
FFLIR TR £ 23 N 4.0% F11 26.3% &= 3]
95.8% Al 75.6%, GLADA £ PADA Ay 1 # 11: I| A1
B 11.0% Fil 62.7% FEA% A 0 F1 24.4%, GLADA/
PADA FIFLER g HE £EVE HLIH A K A S R R iA
TR 2 PR SE G N AT I VL B AR AL P4 o0 A
LR A 7R FH o A B i RE R 21 (& 5(b)), R
AT FH BT = 0 A () RE R AN A s o TR IR 4
B, B 5(c) i — TR 25 T SnPO i1k DHA
SEAR SR =43 A ] AE £k 28 GLADA Ry
VEPEPETE N 20 min J&5 oA 43.2%, {ELE J2 o7 B+ [A] ()
FER R I 20 %, RUIRI IR A s GLADA
AFaoE H B 5% 4k i HoAth 7= ¥, N[ T GLADA,
PADA 1435 £ i 52 1oz Fisf [i] f19 9iE < 56 T 1 i R AT
TERN 1 h 5 ik 8 S E 62.9%, 7R PADA A
N R IE) F=). 5 GLADA Fl PADA RYAEfLFA %A I,
LI FP 5 ) 30 438 I 2 7 I ) ) A it R HL =
FEPENE RN AN EE AR, RS FLARR F B TR I
N AT IR 2R e 7 YOt HgEH GLADA
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Conversion of 1,3-Dihydroxyacetone to Methyl Lactate Catalyzed by
Mesoporous Tin Phosphate

ZHANG Sheng-hong, ZHANG Jie, JIA Hao-qiang, SUN Pei—yong*, YAO Zhi-long
(Beijing Key Laboratory of Enze Biomass Fine Chemicals, College of New Materials & Chemical Engineering,
Beijing Institute of Petrochemical Technology, Beijing 102617, China)

Abstract: Mesoporous tin phosphate (SnPO) was prepared under hydrothermal conditions in the presence of P123
triblock copolymers as structure-directing agents. The structure and physicochemical properties of SnPO were
comprehensively probed by XRD, N, physical adsorption, TEM, FT-IR, Raman, XPS and Py-IRand correlated
with its performance in the catalytic conversion of 1,3-dihydroxyacetone (DHA) to methyl lactate. The results
indicated that the SnPO catalysts calcined at 500 °C were amorphous tin phosphates with cylindrical mesopores
and abundant Lewis (L) acids, contributing to efficient conversion of DHA to methyl lactate under mild reaction
conditions. The overall reaction proceeds via a combination of parallel and consecutive steps, requiring the
cooperation between Bronsted (B) and Lewis (L) acids and favoring methyl lactate over the SnPO catalyst with a
relatively high L : B ratio. Besides, the SnPO catalyst suffered from an incremental loss in its performance due to
the increasing organic deposits on the catalyst surface, despite its stable structure in the conversion of DHA to
methyl lactate. The deactivated SnPO catalyst could be roughly regenerated by calcination at 500 °C.

Key words: methyl lactate; 1,3-dihydroxyacetone; tin phosphate; catalysis; structure-function relationship
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