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Abstract: Polyoxymethylene dimethyl ethers (PODE,) were synthesized using methanol (MeOH) and trioxymethylene (TRI) as raw materi-
als. Catalytic performance of acidic molecular sieve HZSM-5 catalyst and PODE, selectivity were found to be strongly dependent on sil-
ica/alumina ratio, particle size, phosphorus modified and etc. A series of HZSM-5 zeolite samples modified with various contents of phos-
phorus were prepared by impregnation with an ammonium dihydrogen phosphate. The crystal structure, pore structure, and surface acidity of
the catalyst were studied by various characterization techniques such as X-ray diffraction, N,-adsorption, and temperature-programmed de-
sorption of NHj;. Under the mild reaction conditions of 130 °C and raw materials mass ratio MeOH/TRI = 2, methanol conversion and the
PODE, (n = 2-5) selectivity were 95.2% and 62.9%, respectively, by using the Pd-modified HZSM-5 catalyst with the optimum conditions
(molar ratio of Si to Al was 50, particle size was 5 pm, low-P,Os content (w = 0-6%) for the preparation). Catalytic performance of HZSM-5
was higher than that of reference commercial catalysts.
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EATIS B AR S St WL URE 4 HE T8 A R ) R 3
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1.1 ELFIEH &

DA DY T4 LR A IE (AR) A AR 7, & i s /R L
50 () HZSM-5 4y 7. i i 2 % e 1) pH AH
T IR 2 AT TR & A0 I ) 45 R 35, 5 T B AN T
B2 ST I HZSM-5 A7), JE0RE R 42 23 531k 5,
10,20 % 30 um. LUBEFEE — & ¥k (AR) 4§ 9K 4K, R
R BUEA BRLRLAZE A S um ) HZSM-5 43 1 8k
T AL BE, T3 2 P,Os T8RN 3%, 6%, 9%
K 12% ) HZSM-5 fiE 1L 5.

1.2 EUFIMRLE

K H A 2 D-MAX/IL-A A 37 S0 #E
A BEATPIAR BT, Cu K, 46, A0 S5 8%, i 1R 40
kV, HL7iL 40 mA, HFH 2 10°/min, 5 70 H 20 =
50~50°. 75 T MG AR A A W] PX200A TR
J7 TE il A0 B 2 B 34T NHs-TPD Wik, 20 bt
WLl 100 °C, #50°4 He, W& 30 ml/min, TH il %
# 10 °C/min. Ak 70 1) bL 22 1 AR S AR B L B 25
A F] NOVA 4000 724 #5054 B0 e . #F & 5B 18
300 °C #l FL =5 (0.54 kPa) AbFH 8 h, 4R J& 7E i &L &
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FEI /A7) XL30E %, /K 20 kV. HZSM-5 4> 1§ i)
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RLBEASCI € . 4237 I A IR 15%~35%, NS
55 AW 4 2 TR) R A1 B 2l 90°, MR [R] 2 60 s.
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AT V8 ZE 8, WA — s ik B S L Do) AN ) 2R 5 B 1)
PODE, /= #1#4y. r=¥) it Agilent 6820 %S AH {4
W31, N, W35 (35 ml/min), 28 20— 1 40 44 (6 3
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Table 1 Effect of Si/Al molar ratio on catalytic performance of
HZSM-5'

Si/Al TRI Selectivity for PODE, (%)
ratio conversion (%) n=1 n=2 n=3 n=4 n=35

200 60.6 60.7 31.7 5.2 1.1 0.2
100 71.8 47.3 32.0 16.5 2.0 0.6
50 95.2 36.5 255 20.4 12.1 49
30 97.8 40.9 28.2 17.7 7.6 3.7

Reaction conditions: MeOH/TRI mass ratio = 2, catalyst amount = 1.0
wt%, generated pressure, 130 °C.
"Particle size of HZSM-5 is 5 pm. TRI—trioxymethylene.
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Fig. 1. SEM images of HZSM-5 with different particle size. (a) 5 pm; (b) 10 pum; (c) 20 um; (d) 30 pm.
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Table 2 Effect of particle size on catalytic performance of HZSM-5

Selectivity for PODE, (%)

Particle TRI conver-

size (um)  sion (%) n=1 n=2 n=3 n=4 n=5
5 95.2 36.5 25.5 20.4 12.1 49

10 93.0 443 20.4 20.6 10.2 35

20 80.1 52.7 19.8 15.5 4.0 22

30 72.1 68.8 16.7 9.3 0.1 —

Si/Al molar ratio of HZSM-5 is 50. Reaction conditions are the same as
in Table 1.
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Fig. 2. XRD patterns of P-modified HZSM-5 with different P,Os
loading. (1) 0%; (2) 3%; (3) 6%; (4) 9%; (5) 12%.
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Table 3 Pore characteristic and relative crystallinity of P-modified
HZSM-5 catalyst with different P,Os loading

P,0s loading ) 5 Relative
Ager/(m?/g) V/(em’/g) ..
(%) crystallinity (%)
0 310.7 0.200 100.0
3 279.9 0.141 95.1
6 225.6 0.131 88.3
9 188.6 0.101 84.2
12 153.2 0.086 75.2

K 3 b & B 2P HZSM-5 4y 1 i
NH;-TPD . W LLF H, 24 P,Os & & BAK (3%) B,
LIRS PET) HZSM-5 43 1 i AHARL, #F it 30 A 5
J5E AN TR) ) NH JBE B 0, {ELEG i 06 (200 °C) Al vy il 04
(200~600 °C) fryAE 35 R 77 B 5)). B P,Os
N, HZSM-5 i 4b 771 1) 18 2t S IR o J & 35 K
ek />, 0 H & SR IR PR A (200~600 °C); 4 P,Os 7
EIINE 12% 1, IS NH; g 2 L& Jf.

N T A PoOs B 5 K A R R 2t (1 5% ), 9 Sl
THHE T & HZSM-5 4310 b NH; i B i i A3, AT
73 2 HH V. 1Y) NH; WR B 5t 25 181 F 36 4. T DL H,

200 300 400 600

Temperature (°C)

3 FE#HEE HZSM-5 L FIAY NHs-TPD i
Fig. 3. NH;-TPD profiles of P-modified HZSM-5 with different P,Os
loading. (1) 0%; (2) 3%; (3) 6%; (4) 9%; (5) 12%.
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Table 4 Surface acidity of P-modified HZSM-5 samples

P,0s loading  Acid content Acid distribution (%)
(%) (mmol/g) Weak acid ~ Mediate strong acid

0 1.22 66.1 339

3 0.87 72.0 28.0

6 0.63 81.5 18.5

9 0.51 84.3 15.7

12 0.40 89.2 11.8

RV T %R BN 1) HZSM-5 4 7 i
PG TE, 45 BB T3 5. T LUREL, 20 fudk =
(12%) I, HZSM-5 43 i b = 25 Il i fh 2R A AIK,
K 75.2%. X T b I AL R YRR 58, R fig
ML Z RS PE 0 BT T AR e et 1)
HZSM-5 431 A fH A0 A ), = 2R I 3 A 26 B v
(95.2%). Bl A5 W 01 480 5 1K) 19 0, HZSM-5 FF i 1) 5
TR kA7 3% i 9% /D, PODE, JEF6 ML S6 0B A7 L TH 5 T .
o P05 & 0~6% I PODE, (n = 2~5) % £
B HEREN 6% Nk 64.8%, Hitp n=3 14 4]
Iy IE BTN 33.5%, bR & ot 1) HZSM-5 &
1.0% (32.5%). — J7 i, H T P,0s &% & & 1L
(3%~6%) 1] HZSM-5 SR {7 Lt A& 28 el PE 1 2, 75 )
N H e e 00 E R A IR A B, $ = PODE, ik %
PEUSTL S — 05 T, P,Os B R B (9%~12%) (1)
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Table 5 Effect of P,Os loading on catalytic performance of
P-modified HZSM-5

P,0s loading TRI conversion Selectivity for PODE, (%)

(%) (%) n=1 n=2 n=3 n=4 n=5
0 95.2 36,5 255 204 121 49
3 93.6 352 301 173 11.1 44
6 91.0 341 271 207 128 42
9 84.5 346 30.7 17.0 125 4.0

12 75.2 38.1 285 173 108 2.7

Particle size of HZSM-5 is 5 um, and Si/Al molar ratio of HZSM-5 is
50. Reaction conditions are the same as in Tablel.

HZSM-5 1] fg DA % 1416 o 110 32 il L 38 38 29 B 2, 3
 HZSM-5 LIE W4 )i % PODE, 724 7= A 4% fi
it R m P g5 BRI RS R BB (3%~6%) (1)
HZSM-5 A A 55 1) 59 BR A7 Le 49 1 A A1) T~ 42 &
PODE, & 1. 28 & % 18, K A & & 6 otk )
HZSM-5 fit tk & s PODE, ¥ £ 1E 5 & & o vt 10
HZSM-5 $23T, {H 5 PEmS A7 [ (.
2.4 RERERIERE kA0

RSB T Vil FE R ORI L 25 4 . 3R
6 il & 65 PODE, & J 5 N 1t REFRI sE M. mf LRI,
£E 100~130 °C J WV I, = 58 P e A S B 3l T v
T E W, 25 130 °C k&K (95.2%). #E—5TF
f ) 140 °C BF, — 2 H I AL AL RIS AT R % (91.0%).
J34k, PODE, (n = 2~5) & $ 1 b 5 s I 5 B2 (1) Tt v
1M1 58 SR TH R R, T 130 °C IHIA B (62.9%).
R UL, Bl SN T % T S, 774 PODE,
Hon=3 K n=4 1G], X3 B il
X PODE, % & [ M. [ 3% PE F1 ik £ 2, 6 3L 0 x)
PODE, F=#) s A I s ek, ik, % 1 DL i, =
R N JFURL £ i PODE, R4k S AR &R, 4 T 3K
4 PODE, (n=3 M n=4) T 2E WY, &N

%6 REHEEX HZSM-5 481k 30 4 1L 14 A5 B9 £ 0

Table 6 Effect of reaction temperature on catalytic performance of
HZSM-5

Temperature TRI conversion Selectivity for PODE, (%)

(°C) (%) n=1 n=2 n=3 n=4 n=35
100 72.7 953 13 — - =
110 83.7 758 123 55 —_- -
120 84.8 570 183 124 39 1.8
130 95.2 36.5 255 204 121 49
140 91.0 421 229 196 143 1.7

Particle size of HZSM-5 is 5 um, and Si/Al molar ratio of HZSM-5 is
50. Reaction conditions: MeOH/TRI mass ratio = 2, catalyst amount =

1.0 wt%, generated pressure.

JER R R B R, R, 130 °C 4
A 2 3L

TN RN JEOREF RS = R G L (R
tb) Xf PODE, & B 52 m. nf LLA IR, B i S
= B R LU 4B 1R 980 /)N, PODE,, 1% £ VE B Wi TH &1, 74
Gy n AER R T7 10 B 3, 1T = 58 T A 2 )
BHREAG. ZRE 58, FER — 28 W RS I T 2 L o 2
(NESSRACEH

R7 FEBE LI HZSM-5 1k 51 /2 [ 14 58 B B2 08
Table 7 Effect of the mass ratio of MeOH to TRI on catalytic per-
formance of HZSM-5

MeOH/TRI TRI conversion Selectivity for PODE, (%)

ratio (%) n=1 n=2 n=3 n=4 n=5
1 85.2 353 213 191 143 48
2 95.2 36.5 255 204 121 49
3 96.7 454 316 140 24 0.8
4 100.0 574 285 7.7 0.1 03
5 100.0 599 317 36 — —

Particle size of HZSM-5 is 5 um, and Si/Al molar ratio of HZSM-5 is
50. Reaction conditions: catalyst amount = 1.0%, generated pressure,
130 °C.

25 5@l ENTIA L

TEAH ) RN 4 A1 1, LA 1 e 3R AR R R 418
M () HZSM-5 #£ & (Si/Al =50, Ri4E R ~F 4 5 um)
AT REAT S B, 5 i B LR ORE 4% 82 10 1 7 b
R HZSM-5 43 ¥ i i 4 /) (R T K22 A 7T,
4 NKF-5; bfg siifh TR A BRA AL il
ZYF) PEREHEAT T LA, 45 W& 8. LA H,
NKF-5 J ZYF i b AR A 5] b = 28 s (1) e A 232 4y
Mk 93.9% J 93.4%, PODE, (n = 2~5) % £t 73 5l
H 58.9% S 55.6%; 1AL R £ B M 1f) HZSM-5
AL | = 2 R e 4k % (95.2%), JL 3L J& PODE,
(n =2~5) XEFEIE (62.9%) 14 1 T 5 ol 7 MU A Ak 751

*£ 8 ARFRIE HZSM-5 #L7 L& K PODE, & [ % ¢

Table 8 Catalytic performance of HZSM-5 from various sources

Selectivity for PODE, (%)

TRI conversion

Sample

(%) n=1 n=2 n=3 n=4 n=5
NKF-5 93.9 385 253 20.1 10.6 29
ZYF 93.4 381 244 193 9.2 2.7
This article” 95.2 365 255 204 121 4.9

NKF-5—The catalyst from Nankai University (Tianjin); ZYF—The
catalyst from Zhuoyue Company (Shanghai).
"Particle size of HZSM-5 is approximately 5 um, and Si/Al molar ratio

of HZSM-5 is 50.
Reaction conditions are the same as in Table 1.
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4> ¥ PODE, /"W AN 2 4 # th ok, 7 5 PODE,, i%
PR RY AN NKF-5 & ZYF fEAL F1%E /N 151
BIFLAR R 38 0 = P T OB g, ] g 1 B
K>+ ) PODE, & £V T B R K. = Fl ZSM-5
g3 U R LU 3R AR A B 25 0, (RS LAk g D
JGH S OGHR. Z% bonT AL, AR ST M A AR A A AL 7
i Ak BE WS 47 T R LA 46 5, X PODE, £ B A 1651
1 Ik P RA — 2 M2 2% 5w L.

£ 9 TREEKIE HZSM-5 MAEEN T REMHER
Table 9 Size distribution and structural properties of HZSM-5 cata-

lyst from various sources

Size distribution Average pore

Sample (oo, pm) Aper/(m¥/g)  Vy/(em’/g) diameter (am)
NKF-5 5.9 358.3 0.186 2.18
ZYF 72 303.4 0.171 221
This article 5.6 310.7 0.200 2.49

Size distribution of HZSM-5 was measured by characterization of laser

particle size analysis.

3 #Hig

& HZSM-5 43 - BiEAT T PSR — 5% R
42 i PODE, [N 9T, %% T HZSM-5 fik/4atl . ki
8 RUST T W 5O PR S5 DR 28 %) S NV Ak e ) s . M B /4R
Lt ok 50, B4R RSF o4 5 um & P05 & & B AK I,
HZSM-5 £ & [ {# 4L 15 PE A PODE, & H M8 M. G
R WEE ) HZSM-5 DAL AT v 11 59 R A7 B 91 T
HAT-$¢ 5 PODE, Mk FEE, 1 P,Os T E N 6%
i}, PODE, 7" ¥ n=3 K n=4 45 MiEF ML
33.5%. {F 130 °C, H A1 =238 F R o 2 1
PAk 25 A5 T N I, = 5 e Ak R Tk 95.2%,
PODE, (n =2~5) LR 62.9%, Wi T w1k
7.

2 % x &

1 Burger J, Siegert M, Strofer E, Hasse H. Fuel, 2010, 89:
3315

2 Arvidson M, Fakley M E, Spencer M S. J Mol Catal, 1987,
41: 391

3 Bulai A Kh, Oreshenkova T F, Gruznov A G, Slonim I Ya,
Urman Ya G, Romanov L M. Wsokomol Soedin, Ser A,
1976, 18: 1371

4 Sanfilippo D, Patrini R, Marchionna M. US 2004/0187380
Al. 2004
5 OB, W, Rk, BN, U, A R, FAE. R
Bk 2 243 (Zhao Q, Wang H, Qin Zh F, Wu Zh W, Wu J B,
Fan W B, Wang J G. J Fuel Chem Technol), 2011, 39: 918
6 Boyd R H. J Polym Sci, 1961, 50: 133
Lahaye J, Prado G. Soot in Combustion Systems and Its
Toxic Properties. New York: Plenum Press, 1983. 243
8 Fleisch T H, Sills R A. Stud Surf Sci Catal, 2004, 147: 31
9 Wang Y, Li G B, Zhu W, Zhou L B. Fuel Process Technol,
2008, 89: 1272
10 Zhao X M, Ren M F, Liu Zh G. Fuel, 2005, 84: 2380
11 Russo M, Mortilla L, Nissim G, Fiore L. Chem Ind, 1966,
48: 1284
12 Lindamere G W F, Brooks R E, Del E T. US 2 449 469.
1948
13 Hagen G P, Spangler M J. US 5 959 156. 1999
14 Hagen G P, Spangler M J. US 6 265 528. 2001
15 Strofer E, Schelling H, Hasse H, Blagov S. US
2008/0207955 A1. 2008
16 Strofer E, Hasse H, Blagov S. US 7 700 809. 2010
17 Strofer E, Hasse H, Blagov S. US 7 671 240. 2010
18 &AMk H, %5 ¥ 3% /R E, “FRH R, ZEan%s A, 4¢ LA G D,
Wy JE H, fiipr X S (Schelling H, Stréfer E, Pincus R,
Hunat A, Turbehn G D, Hasse H, Blagov S). CN
101 048 357. 2007
19 Chen J, Song H Y, Xia C G, Zhang X Zh, Tang Zh H. US
2010/0056830 A1. 2010
20 EHAME, IV, BRI, A —. 1L (Lei Y H, Sun
Q, Chen Zh X, Shen J Y. Acta Chim Sin), 2009, 67: 767
21 XUPLAL, HfEK, R, A%, AT (Liv X L,
Tian H Sh, Wang H L, Pan D D. Guangdong Chem), 2009,
36(9): 23
22 HE, DARER, mgr, PNV, B8 IR(Li F, Feng W L,
Gao H X, Sun H M, Yang W M). CN 102040491A. 2011
23 A, WA, g, PNV, B8 (LD F, Feng W L,
Gao H X, Sun H M, Yang W M). CN 102040488A. 2011
24 BEhndh, B E R, WAEPE, BRECEE. HEAL 4R (Teng J W,
Zhao G L, Xie Z K, Chen Q L. Chin J Catal), 2004, 25: 602
25 FBARAR, SO, o R, BRIRE, . iR (Mao
D S, Zhang B, Yang W M, Chen Q L, Lu G Zh. Chin J
Catal), 2006, 27: 1005
26 BAIE R, BN, 650, o8 I, WETE A, BRIRES. AL
224k (Zhao G L, Teng J W, Jin W Q, Yang W M, Xie Z K,
Chen Q L. Chin J Catal), 2004, 25: 3
27 WA, HAHL dERURE AR (BRRAIR) (Xie Y Ch,
Tang Y Q. Acta Sci Nat Univ Peking), 1998, 34: 302
28 Zhuang J Q, Ma D, Yang G, Yan Zh M, Liu X M, Liu X Ch,
Han X W, Bao X H, Xie P, Liu Zh M. J Catal, 2004, 228:
234



