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Resear ch progress on preparation and catalytic application of
heter opolyacid based composites
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Abstract: In the research and development of clean biofuels, the catalytic conversion of biomass and the
synthesis of biodiesel are key processes of which the selection of catalysts is crucial for the efficient biofuel
synthesis. Compared with traditional homogeneous catalysts, heteropolyacids have attracted much attention
in the fields of catalysis, material chemistry, and photochemistry due to their stable structures, strong
Brensted (B) acidity as well as redox properties, and high catalysis efficiency at lower catalyst dosage and
temperatures. In this review, the recent advances in the development of heteropolyacid-based catalysts in
catalyzing esterification and transesterification to synthesize biofuels, and the preparation, physicochemical
properties, as well as catalytic applications of three types of heteropolyacid-based catalysts, including pure
heteropolyacid, doped heteropolyacid (heteropolyacid functionalized with counter charged cations or ionic
liquids), and supported heteropolyacid (silicon-based materials, metal oxides, activated carbon, metal-
organic frameworks, efc., used as supports), were summarized. Meanwhile, new applications of
heteropolyacid-based catalysts in photocatalysis and catalytic desulfurization were introduced. Finally, the
development trend of heteropolyacid-based catalysts was discussed, with two development suggestions
proposed: one to vigorously develop green synthesis technology and design the structure of heteropolyacid-
based catalysts through interdisciplinary technology, while the other to investigate its catalytic mechanism
and path by means of quantum chemistry, and to clarify the relationship between preparation, structure and
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catalytic performance.
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Table 1 Catalytic performances of doped heteropolyacid catalysts in esterification/transesterification
. . v F A i I P
PRI fiEfe ) Aal/h IR EE/°C @m/i?m fit e e wH yaxwe  SCHR
nCEBERE W R) & n(FEE)=1 : 14 Cs;H,PW,04 2.92 65 0.041° - 924 s X=754  [18]
(RS IR ¢ n(FEE)=1 : 20 Cs,sH;sPW 204 1 65 4 813  — 3 Y=732  [19]
n(& ) - n(FFED=1 : 30 Cs,H,PVsMoW;04 8 140 5 — 922 5 X=76.4  [20]
n(BRAE) @ n(FEE)=1: 18 Ce-HPW-F 1.5 110 4 93.0 — 4 r>75 [21]
n(FEHI) © n(Z D=1 : 12 Sn; ,Ho PW 1,040 8 90 2 1000 — 3 Y>90 [22]
(1) n(Hh=3 : 1 Sn3,PW 1,04 3 60 0.1 >90  — 4 >90 [23]
n(LBENIR) @ n(ZLBE)=1 151 Zry;sTPA 2 120 0.05° — 91 4 X=75 [24]
n(ZFR) @ n(1-C4)=1 : 1 Zng sHy oPW-I 12 90 0.3° — 90.6 4 X>90 [25]
n(IMiR) - n(FFEE)=1:5 QBs-PW” 2 65 3 — 90 4 X>80 [26]
n(BEI) © n(FED)=1 : 20 [C1¢N-PS]-HPMo-1 1.8 140 7 9586 — 6 Y=80.21  [27]
n(BEHR) @ n(Z)=1:17.7 [CPPI-SO;H],0H, o)PW,04° 2.5 90 4.4 972  — 6 Y=94.7  [28]
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Fig. 1 Schematic diagram of synthesis of [C,N-PS]-HPA-n[*")
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Fig. 2 Schematic diagram of esterification reaction mechanism
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GANESAN 241 H] Ce BitERIA L KIT-6 113K Cs
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SR IT I LR A KIT-6 HEZE R, Hirr, Cs-TPA/Ce-
KIT-6 FEAE A0 £ A= P S8 b 2R B dee e i T, O
PEACTM R R 1L 52 D7 I R 1 AL %3k 98%, ThifiEfL
e (AR H ) e sg i s %4k
Rk 96%~98%, PAIVA %69 57 HPW B HSiW Xif
WY YEATEct:, 58] HPW/Y FI HSiW/Y , X Pl
AR AL RE IR T —b A Y Rk, H
LA ety . e o i RS M R S
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Table 2 Recent advances in esterification/transesterification process using silicon-based materials supported heteropolyacid catalysts
o B F A HEEMH B

JEoRE AL I — @ﬂ:/};ﬁﬁﬁi Y% X% P ik

VEHTR) @ V(P EE)=1 : 3.83 HPW/OMS-SO;H 10 120 0.01° 953 — 5 Y>90 [40]
n(HR) : n(FEE)=1 : 15 La-PW-Si0,/SWCNTs" 8 65 1.5 — 931 6 X=88.7 [41]
n(HIER) : n(ZWE)=1:6 HPW/MNP@Si0,” 1 100 10 — 98 4 X=97 [42]
n(kER) © n(FHEE)=1 : 20 Fe;0,@SBA-15-NH,-HPW 5 150 4 91 — 6 >80 [43]
n(RR) : n(ZEE)=1: 6 HPW/AI-SB 3 100 0.1° — 9 5 X>80 [44]
n(LBERER) @ n(LBH=1:5 10ZrPM(DS-E) 5 70 2.5 — 692 3 X=66.5 [45]
n(BEIHMR) : n(IE T EE)=1:3 SiW,,-MCM-22 10 80 0.1° 97 — 3 Y=93 [46]
n(ZEENIR) © n(IETEE)=1:2 PW;,/MCM-22 8 90 1.86 — 68 9 X=38 [47]
n(MAR) @ n(HE)=1 : 27 Cs-TPA/Ce-KIT-6 8 150 6 — 98 5 X=75 [48]
n(HR) - n(IE TE=1: 2 HPW/Y” 1 100 0.2° — 9% 3 X=91 [49]
nCGENFIN) © n(HE)=1:272  HPW/MAS" 8 200 5.9 89 - — — [50]
n(LIR) T n(IETED=1:2 40%HPW/Y 1 100 10 — 77 3 X=78" [51]
n(IHIR) * n(FEE)=1 12 TPA/ITQ-2° 1 60 10 83 — 3 Y=75 [52]
n(HVEI)  n(HEE=1:8.86 PMA/RI KWLM 4.1 — 3.02 96 — 5 Y=83.4 [53]

(DSWCNTs N HBERRAIKAT ; QMNP HREZT s @Y AilhA Y; @OMAS NAFLEEERREL; @ PR, ©TPA IBHRR;

ITQ-2 N4k (2D) #ifi, R,

132 2REBELYHARL SR
SIEEAY, W ZrO,. TiO,. ALO;. SnO,.

WO3 N Nb205 N MOO3 % s E‘ﬁ E%E@ ﬁ%ﬁ%‘f’i& ’ jT

R XA A AR, WA B T 3R
IRZ TR BT fad B rp 0 3% 3 He A
TR 22 PRAEAL TR I TR DL
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Table 3 Recent advances in esterification/transesterification process using metal oxide supported heteropolyacid catalysts

B A AR B

JRE HEALFH - = Y% X% o

Wl /h R/ C {M{i}mi W Ysixe Ok

(M ER) © n(FFEE)=1: 95 HPW/Z1r0, 6 60 0.3° — 95 5 X=62 [57]
n(LEENIR) - n(LBH)=1 117  20-HPW/Zr 3 150 1.0° 973 — 5 Y>75 [58]
n(HLIEH) * n(FFEE)=1:9 20-K/TPA/ALO; 1.25 65 10 97 — 4 Y>60 [59]
(IR IR) ¢ n(ZBE)=1: 120  H;PMo/ALO; 6 200 15 965 — @ — — [60]
n(ZBEHRR) @ n(ZEE)=1:5 Sn,STA/Ta,0s5 3 70 0.05° 78 — 4 Y=68 [61]
nCRIBLFA) © n(PED=1:6 MoO;-HPW/Ga-KIT-6 3 100 0.2° 100 — 5 Y=96 [62]
n(HREIH) © n(HFEE)=1 © 21 TPA/Cr-Al 5 80 4 93 — 5 Y>70 [63]

ALCANIZ-MONGE %517 Fi 75 Jiz - B Jie 2 Ak
Wk, FERMB M THIE T HPW/ZrO, f#1E5,
FEA HL N A A e i 5 P I o % A 4 S T 1 T
AL RN HPW f 2% &84 30%11) HPW/ZrO, LA %
K HIA (365 mY/g) Al MMM TG M, Ak
1% 05 AL 55 95%., {H HPW/ZrO, & 5 i i # 2%
HEMH 5 WG AR FELZ M 95%F% 8 62%,
X RefEm TEEMM 5 WEEAFFERAT
21%. RAMLI ZPSLR Rk, Hil& T A
HPW iz (15%. 20%. 25% ) B HPW/Zr Z &1
1B, HPW T#85h 20%H4 20-HPW/Zr & & AL F
WA B ERRRE (9.5 umol/g), TEMEILZBENE S
CTEBRAL I, 2 PR R ) F i 7= BB IR 97.3%,
LR AL BN 20 BE R R 2 TR ML BER 2 P LR 3.

)J\/\I(OH }|I —>)\/\+/0H+H /\_>/Kk0
OJ """ O: Q
H

T Ethanol
Levulinic acid | l If[
0 CH,CH, 0 CH,CH,
+ = O/ +
i/\'(o\/ +I|-I<— */% 0 OQJ{ 2
0 v Y
Ethyl levulinate ]1{ I|{

B3 HPW/Zr AL LIRS LRSS R L3 2 e )
Fig. 3 Schematic diagram of reaction mechanism of levulinic
acid esterification with ethanol by HPW/Zr*"

ALO; J& 1 A EUE M S e, B R 91k
ShvEtE . FEMZAGH . BRME R, B
AR AR L AR 2 IR, SINGH 2PN 4 T
K/TPA/ALO; & A BRIR ALK, T K/TPA/ALO;
A E AL B R A R, DR L, SR T I R A7 7R
PERTRVENL A5, AE 5 G SR Ak b Y 3 55 PP s ) i
b, BRACH S N, A& AR S P B A A EN
14214—2008 Frifi. 748, Ta05", MoO;!2 M7 2%
TR TR A7) o 2 M B AR M fE

WHEO T, mPF SR L - 4R e

AR AR A 4R 8 s — 4 i Ak oA
MR EIE RS, WA R PR L T A TS
KRR S 0 v i R SRS . JE T K, UL ISLAM
1S TPA T3 7E Cr-ALIRS E 4k Eil & Tk
) TPA/Cr-Al, ¥ H - Ak B A= MRS 7o o) 4% 2= 0y 5
. WF9E @R, TPA fAZk&-h 20%[F) TPA/Cr-Al 3
P S AL TGP, A5 PR 3R 93%,

Zi LTk, &AL T a2k 2 e T A A
MWLM . A E R RS, Hl
FEFE—SE[R T, W3 oy 4 s A Ak ) fh 3R 42 2 TR Ak
SV FHREE D, DA e R Hp s T R
Py REMRGHARMBYHEAET, FENZRAE
RN AR R PR i A . I, U falks o i Ae 570 0
R BRI R A5 A Y 4 B S AL R AR A R, Bk
R GEMRE A EAER, TRERESF %4
LR FA AL T 1) — A~ BB 5T 7 1)

133 &l (AC) A8k $m

TEPE R B HE R ALK | FLAE 45 H T & SR AT
0 1 RS Z AR LR O R AR B, &
BN AR AR 22 B 0 ) 45 T vk 32 AT VR Tk AU B
TGS FE R S FL A A . R L A P 45
R RS R A LRI ERE . NING 1R
RN HPW gk itk b, JF i i B iR
)36 A 45 ) K b e AL (576 m/g ) RN R M
(2.02 mmol/g) ME AR PWA/BAC, HAEMHE
fli iz 5 FF R R fb S R Hh R B P S RE L T
MR e KA AL ZRIR 96%, il 15 1™ m BRBHREE AT G [
i ASTM D6751—2007 4= 45&ihbrifE, GUO 27
HRARR S EE T (Cs'. K. Ag™) ke
PEIR G HIT HePV3sMoWsOy0 A2 Z IR I 28, A T
— RINE AR, SRR EELE 4, 45
HR, Agﬂﬁ"]%l/\ﬁﬂﬁﬂ: H¢PV;MoW¢Oyo 7E7E P
e BRI, TR T A2 2 IR 5 TE Tk AR ELAE T,
T TE T 4L HePVsMo W04/ AC-Ag FHEAL 1%
PRk ENE, HePVisMoW040/AC-Ag TEAEAL K T
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5 PP A TG A2 4 S o P B B AR AR TR PR, R
SIH AL RIEE] 91.3%,

Na,VO; + Na,WO, + Na,MoO, % HPVsMoWs0u 1. 2 17
2504 <]

\ Ag,: He

PV3MoW;040

Activated carbon ¢4 paticle
00000 ? °

g.... °
A . U SXa LY
—> L X ERet Sl
‘L".’,‘ port | 'L".‘_‘ PpOrt. |
55 v 5

&l 4 HePViMoWsO0,0/AC-Ag AL il £ 3t AR 2 5] 167

Fig. 4 Schematic diagram of synthesis process of

H¢PV3MoWg0,40/AC-Ag catalyst[m

TP O 3 R M 2 R A A Ak 0w O T
A 2T 24 25 A= W0 I 4 7K A IS . HOMBACH 451681
KR 5, B B R e AT Pk b, A
T PTA/AC B AR, KB AE EA e
BASR IE VR R, N 2% 22 R A 1 Ak 2% T 22 (]
WA E AR, A3k A R Re b, e
b2 27 4 AR RBEK i ) 5 AR B OB Hp, A

ik 74%, PTA/AC HEMGAMA 20 k., AME=%
{5>45% o T PE AR 57 28 10 2% 22 BR AR AL 750 e B R A1)
PEALVERE, KT S W R ekt oy ke —
KRR Ak . el & &2, Dk
WA T 2R R A L5

134 &2BAMIER (MOFs) &L %

MOFs MFrZfLEMEAEY, EH&A. A
AL R N Z A IEER (5 FEZRR . S
ok R ALY S ) 5N A R B TS %
(i 4)E . JESEIMAITENE 5 ) HEk
AR AEY, BA R, Z5HnTiE ., fLE
Z . P55 5% . MOFs REAY 12
T2 . SRS 508 OGRS,
MOFs i FL (5T AT B #1 2) MOF-5 J Ji Se4lal i 38
AR E SR (ZIF ) &3, RSS2 MOFs HY il 4%
SR B E T RS ERY . JTARSK, 41X MOFs 1k
BRI R T B2 2R R A A B S T R T
KEWBFFEITI, % 4 5 MOFs 7k 22 2B L
(A1 BE

F 4 TR . BRACH NI MOFs 484 2 I fik AL 1 g

Table 4 Properties of MOFs supported heteropolyacid catalysts in esterification/transesterification process

SR SA HAE

N " e o %
JERE 1AL R C 1E“:‘7:£mi Y% X% - — ik
nGHER) © n(Z.E)=1: 16 PTA@MIL-53(Fe) 0.25 80 0.1(;b 96 — 7 Y>70 [70]
n(GHER) @ n(FFEE)=1: 16 PMA@MIL-53(Fe) 0.33 — 30 — 97 5 X=90 [71]
n(Z BT #): W Z )= [Cu-BTC][HPM] 4 120 0.04° 924  — 3 ¥=89.5 [72]
0.5 mmol . 10 mL
n(ER) © n(FFEED=1 : 20 K-PW ,@UIO-66(Zr) 4 75 5 — 90 10 X=80 [73]
n(BEEAS ) © n(FEE)=1: 20 HPW/ZIF-67 1.5 200 1 — 985 6 X=91.3 [74]
n(KEREHD @ n(FREZ)=1: 18  TPA/SnO,@Co-ZIF 3 100 5 94.05 — 8 r>30 [75]
nCEEARHD @ n(FPED)=1: 18 TPA/SnO,@Mn-ZIF 3 100 6 91.5 — 8 Y>30 [76]
n(BHIMIR) © n(FEH=1:9  Arg,PTA/ZIF-8 4 60 3 — 9415 4 X>70 [77]
n(FRALH) @ n(FED=1:35  SnPW@ZIF-8 10 140 6 — 928 5 X=84.5 (78]
n(ER) © n(PED=1: 8 PVMo,W,@ -8 70 8 — 97 7 X=86 [79]
[CusO(TZI)3(H,0)4]4*nH,0"
a(MER) © n(PAE)=1: 8 H;PMo,,04@EB-COF 8 70 7 — 95 6 X=86 [80]
n(HR) @ n(FFE)=1: 20 HPW/Sn( 1T )-BDC 4 120 5 — 917 3 X=87.4 [81]
n(HAR) © n(FHEE)=1 : 20 HPW/(Zr/Ce)UiO-66-NO, 3 110 5 — 91.6 4 X=T75 [82]

DOHSTZI g 5-(1H-PUmE-5-35) 8] 2 — H iR,

PARAK Z" M4 B4R ( PMA )5 | A MIL-53(Fe)
I, Hl% T BA mEERTE (8.5 mmol/g) BYE A AL
PMA@MIL-53(Fe), HAEMHER 5 H BER BRGS0
PAFT 97%MIMIR S bR . GUO R —2 1k,
P 2 T T R B R ke T B AT T L A5 R 1 A -
& JRAVLEZ(Cu-BTC)H, #l# H[Cu-BTC][HPM]
AL O BE N R A B FR AL SV, 76 120 °CF
KN 6 h, SRR BRI %35 100%, [Cu-BTC]

[HPMHA R4 s M e e P, — & Cu-BTC
BASEAF MRS GEMLEH ; 7ok, B
1 Cu-BTC 2 [AIAFFE [ 5 Ak 2 A1 EAF A i A iR e
EHAFAET Cu-BTC B,

CHENG ZU4gi f] HPW &4fi ZIF-67, 45T
HPW/ZIF-67, Z5$ %, HPW M5] A58k
FH Co—N SIS, 2k ORI AN Co FHIEF
FTBR I A AR S N, TR 5 HPW JE 8 W—O0—N 3t
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W, B TR L RS B BRIENL AT, BT
HPW/ZIF-67 MHEAL & M Mo fa e M. SAHAR 45172761
T4 TR -5E 45 B Sn0,@Co-ZIF . SnO,@Mn-ZIF,
WA MR TRE R IR A 130, S5 R BL, W4
PR AR G- b 7 BUAE A - e 25 R I R e T, HLAR I
TR, 7R AR R 5 5 S N ] A A 0 e Tl ) 2 g
W R AR T, HERMH S W,
AR AL E P 5 R B . FENG 257752 11 3 Rl sl B
. N,N-—FEEF BRI ( DMF ), 2587 /K ) 4351
2R R SR ZE R ZIF-8 REAALRE, 4 T
RALMRIBELA I LR (Arg,PTA ). BFFEEI,
FEE Arg,PTA J5 (A4 A0 77 6 T 52 8 5 1 A 6 AL R A
RS W, 3 Fhah kR R A A 3 R B
W B E M R R e M. XTE Z5U8 R Sn %t HPW i
Rk, BfJEOK H I A ZIF-8 B LHl & T
SnPW@ZIF-8 #EfL, 250 KW, SnPW 550k
1E ZIF-8 #AK |, SnPW@ZIF-8 BA3 K1 L £ A,
JEFRHA LS B BRTENLS, T AR Sk i
PERRALTH “—HRTE” e AR SE .

P, AP SR E R, Ei A
A BT ANE HPW 284 1) HPW@Sn( 11 )-BDC &
AR, HPW i35 60%H) HPW@Sn( Il )-BDC

HAT LIRSS . KaEpymrEa s (% LR
B2 ). BIFnykaEd: ., HPW #l Sn(Il)-BDC Z [ fF
FEVMRIEALVE T, FEfE AT iR 5 B Y I Ak S
I ARG, IR R RS TE 91.7%.
BJG, AR 2K A A R A HLBCAR T gL
#J(Zr/Ce)Ui0-66-X [ X=H. NO,. (OH),. NH, ], Jf
KRR BN HPW b f5fnak. g5k, %
HPW/(Zr/Ce)UiO-66-X B &M EIEEHIESI4 T, 1
BN I T AR A TR . RIS ACRIRA]
fAG HLEC A ST HPW/(Zr/Ce)Ui0-66-X & &k kLY 45
¥ K Mk REA B R A B2 )

Zi BJrik, MOFs il 2R E & Wi
MEE S M BB L, A BT TS A
SR, {5 H T MOFs B4 b 477 7= 51K
JAE . SRR 2SR, BRI T AR S AR i il
o ARkBALALHI 7, 23 MOFs (R HEHi
o
1.3.5 HAWBEARGEE SR

Hofth— 2L B KR, KALGE S s g
SETER AR R (ORI . REY . A8, B
+4) WA TFREmMN M. £ 5 AR
B2 Z2 TRAE AR A9 1 FH AL o

5 MTAEALERIL . MRS SN ) HAR R 7 380 22 IR i AL R L L

Table 5 Recent advances in esterification/transesterification process using other supporters supported heteropolyacid catalysts

o SN S A s

TRk AL WA R ﬁﬁ%i}ﬁﬂﬁ Y% X% P it

n(HBYA) @ n(FFEE)=1 1 11 CsPW-CB[7]" 2. 70 2 — 951 X=82.2 [83]
nGPFIRFIR) - n(ETE)=1:6 Q[6]-STA? 3 118 0.08° 958 — 5 Y=95.9 [84]
n(HER) - n(FEH=1: 6 Cat-8C” 4 65 4 999 — 7 Y=98.27  [85]
n(LFR) - n(IETRE)=1: 1.5 HPW@H-MPNs” 4 110 0.9 — 9% 15 X>85 [86]
n(AFERR) © n(FEE)=1 : 50 PW,,@GF”’ 6 60 17 — 97 5 X>85 [87]
n(IEH)  n(FEE)=1:9 K/TPA/GO 1. 65 10 985 — 6 Y=91 [88]
n(AKJFRR) © n(IE T ED)=1: 20 Rb-Cs-DTP/MCF® 5 118 0.05° — 99 4 X>90 [89]
n(LBENER) & n(5-72 W H:ARE)=1 1 0.2 SnDTP/K-10 2 80 0.2° — 90 4 X=82.37  [90]
a(GRFRD © n(PE=1: 6 HPA/F B 1.23 65 1.25 95 — 6 Y=71 [91]

DOCB[7]A#I [ 7] ; QQ[61H#i ¥ [6]k; BCat-8C Ay 1,8- " F=FHt; @H-MPNs A5 MALRGWAKIR; ©GF Fa B4

1K ©MCF AN FLAHIEAK; ¢ A% g/mL,

L1 5T 2 0 0 2 (7108 S 84k 6 Bl 2y e
£h (CsypsHpsPW 1,040 ), 33T CsPW-CB[7]E &1
AR, A A AL VA T R S e S T, ARAR T 95.1%
HEALR, B2 R, RN AR R TG fLBE
4 36.0 kJ/mol, BEHATE CsPW-CB[71HMEAL R, %)%
PSR S EAT . XTA ZEB9 %58 7S 0K (Q[6])
SRt T A%, 19487 Q[6]-STA fEfLH, 45
RFEH, 7F Q[6]-STA A%k, QI6]FMAEEI R
PREE T IRA 450, SainEE A, Q[6]-STA [tk

R (55.41 m*/g) 15300 A8, R H7E g1k
T v B R A LTS

HE ZEPR A i msdems, % HPW i
Ui I e rh s AL R S WAk Bk (H-MPNs ) 7,
733 T HPW@H-MPNs & A #AL7] (& 5), HAERR
PRS0 A AR R BE L R FE T . H-MPNs
e e LI iE REUS A R B 1E HPW AYiZ .

SINGH 5580 KB« s o i 3k e Bk &
& (GO) L, 158 17 ZH#1L7H] K/TPA/GO,
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Sn(Oct),, 120 °C
S

HPW@H-MPNs

(0] =z
O
St
(0] * 35 4
HO N A o, 120 ety ot

Hyper-crosslinking “PLA
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H,O+DMF Na,WO, "

S — i
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K5 HPW@H-MPNs AL 5 il 45 % 5 [ 5]

Fig. 5

W58 %, K/TPA/GO Hf77E K MIBis R, H
T 1o S5 AR A sth 0 il %) T) ot B A E A TRk . RS i
el g5 e set, s Fise R s R %N
IR R W NAR B &R o b, BEFEA LU IR
it K107 7 FO O AR AR R g i T [ 3 2%
LR, &R TR TR | R sc s g
FEI AT TG T

2 HESEREMUFCELTERNEA

FR TR AR R G5 JLP- ASTEAE B AT A RE A
PRI b JHE HL A v 1 o A A% S R P Y L B R
01, AR AL S R I R A e R T
JIANG 2R s Sk R wik, #il& 7 =0
JEAEHEAL ] HyiPW,040/Pt/Ui0-66-NH,, BF57 & 3K,
I HsPW 1,040 MiBJR Cr(VDEREEE A HY, e T
Xt Cr(VD ISR ALRE T 5 Pt 15 | AT 1G5 H o 40 15 DA 4
HEFE B H T 7E ] W TG AR 30 min J5 , HsPW 1,04/
Pt/UiO-66-NH, Al i v BE 10 mg/L /9 Cr(V)56 4=
HEAL AR JF R R FEPEAY Cr(T) o ASHELE 2214 Dawson
K K[P,W1504,]°14H,0 5 Cu-BTC #EA7HEL, 55
T ZMIEEIR-FAYIHMES (POMOF ), Jfi HAEHRZ
WG, #1465 T POMOF a4,
S5 GIR ZMALFITE 135 min YRR 10 mg/L
M S B TR AIREIHRIE 92.23%, ZHOU %
K BkoKs HPMo i gkfe WS, 4k A B, il
# T HPMo/WS, E & 41KL, #F58 K 8L, HPMo/WS,; fig
PR PE W B FLAE G S A T e, e PR PE 7
A 4.28; HHOH R RS OGO T LA S AN
VL5, OB 90 min J5 %k Y A4S (1) A R 35 98% .

DL 2SRRI K A 2R A B Al Bk A L
152 Z R 32 AL R AL BESR B AR Z RROB Ik
PERE, HLRENEH TE 2% 22 IR A4 I FH i3k

3 FEBMEMEAMTELHRRATEANR

FIRT, 22 ks B AR e AL S AL B AR T

Schematic diagram of preparation of HPW@H-MPNs catalyst'®®
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B AR T AR E AETE 150 20 B Mn SR 45 1
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e K F 98% 1 — A IR EWY 54 4k %R .JHARUNA 250
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MOF-808 7 Z R} S EALH], A2 Z R 17 MOF-808
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FIREEREN, IR mERE S HATIRENS m L
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SCUHEIR T2 2 A S AL AR SR DTS
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SCAR SN PR, TR, HEIR T 2k ZIRIE
R R | ML AR 2507 T A L . H
I BRI G HEAL AT A7 A2 — S Bk, e o 2
ZIRFAEAL A B R B R MY, A R
HEACTE LN BBt BARRIR SRR AL AR Z TR LR
TR B 13 B BRI 5 o> T3 2k Z M h 2%
ZMRGHAR A EAE S, B ZRRAE O 5
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