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Table 1 Effect of boria content on the surface area of B,0,/Zr0O,, and the percentage of crystal

phase and crystal size of ZrO,

Boria loading (% )

Properties
0 8.3 11.7 15.8 19.3
Sper (m*/g) 20 28 17 16 7
Pore volume (mlL/g) 0.1219 0. 1260 0.1117 0.0814 0. 0804 0.0582

Average pore Diameter (nm) 24.4 15.9 19.1 20.1 33.2

B, 0, layers 0 3.5 8.2 11.8 33.0
Percentage of crystal phase (% )" M100 M27/T73 M15/T85 M11/T89 M12/T88 M22/T78
Crsytal size (nm)” 29.6 13.9/16.4  10.9/17.9  10.1/17.9  10.2/17.8 11.8/18.6

M. T represent monoclinic and tetragonal , respectively; the numbers after M and T represent the the percentage of crystal phase.

" the numbers before and after the symbol “/” represent the crystal size of M and T phase, respectively

20 m*/g, FLARBURIF L4250 518 0. 1219 mL/g
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175 SR B, 044858 20, WY fLIE, LR
T AL AR, B, O, & 04 il 1 AL B Be Y B,
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39.4°; i 57 J5 A0 Zr0, 7E 30° ., 34.8° i AT P15
S GRS B, O, RELIBE B MOR SRR, Ak
DL ARAEAE (20 = 14, 2°F11 20 =27. 6°) 2.

XRD 3% [ 8w, A AR 035 1B R
B, 0, iR BYRHENE, FRH] B, O, DLBE B AOIR S AETE.
1B SCHRIR - AE 26 =27. 6° (AR AT BERE 700, Y
20 =28. 15°fif g prE s, A R Sh 09 XRD %
Pl L R W R ST A 20, P RRIE NG, 3X P fiE
JENT T A ZrO, (A7 55 W R R Y 7 A ZeO, 1 7T
SHEMESE TS 3R 1 5 T 8K Zr0, 1) i A2 1 A
AR, AR, ZrO(OH),7E 700 CR5RE 5 7228 i
RK/NA 29.6 nm By LR Zr0,. 5] A B,0, %
PR FSE T U5 AH Ze0, , BT DU 7 AH ZeO, iR K
K. WUTTHE Ze0, (A 53 & bl B, O, & i Se i K s
W/, T U7 R ZeO, 1 kL RSB B, O, 5 i SE
NGRS, B HIE B,O, S 11.7% ~15.8%
i ) B 1B
2.3 FT-Raman

V475 AHFN ST 7 A ZrO, 75 Raman 35 1#] 9 F#AE
W Py 1 22 B e K. Uy K 20, 7E 148 | 260 ~
270 . 315 ~330 . 460 ~475 . 608 F1 640 cm ' 4b H FH
WS AE S, MiS2 7 AH ZrO, ) Raman BRI H BLAE 490
em ™' AN, TCETE 200, L2 AF 5 HBLLE 550 ~
600 cm "5 PR Zr0, {55 BLTE 98 ~ 102, 180
~ 189,220, 225, 300, 335, 380, 475, 535, 555,
615 1635 em ™. {1 =HCfL BO, 254 BT 5] R i
S 880 em ™ HBIE S

124 T B0, & i A B,0,/Zr0, 1) FT-

Intensity (a.u.)

1 i 1
1000 800 600 400 200
Wavenumber (cm™)

Kl 1 K[ B,O; &t B,0,/
70, /) FT-Raman %[
Fig. I FT-Raman spectra of B,0,/Zr0,
with different boria loading
a:4.1%; b: 8.3% ; ¢: 11.7%;
d: 15.8% ; e: 19.3%
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2.4 FT-IR
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JEF B - O B O — H MY 1 S8 £ 45 35 (yyo A
You) 3 7E 1 350 F1 1 050 cm ™" Bk 7 A B W i i 1
J&FPURE A BO, MPRShme ™.

2 25t T AR IA) B,O, 5 HE B,0,/Zr0, Y FT-
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SERE L Y S AT 32 2 LA BO, g FEAS 25 BT Y
B, 0, L A7 1.

Transmittance (a.u.)
E%;

Intensity (a.u.)

1600 1350 1100 850 600
Wavenumber (cm’')

2 KA B0, &5 B,0,/Zr0, [y FT-IR %4
Fig. 2 FT-IR spectra of B,0,/Zr0, with different boria level
a:4.1% ; b: 8.3% ; c: 11.7% ;
d: 15.8% ; e: 19.3%

2.5 XPS RA4E

B,0;#1 Na,B,05(OH), - 8H,0 H {4 B, Z55hE
Sk 193.1 eV 1 192.4 eV. B,0, F ARSI R T LA
BO, Z A7 AE, 1fii Na,B,0;(OH), - 8H,0 17
£ BO, FI BO, iR EEA LS 0, ik, H454fE
I 193. 1 eV I, A P LA BO; g REALE 1 BT Y
B,0, WY& i )z, FEbh b L BO, W REA 4514
BITHPIRR SR B . Ze0, ) O A I LT,
B,O,/F i) B A2 HUIE. 24 Zr0, BRI 5 1] =
BCALAY . HA — > 25 B03E 0 8 )5 5% B 08 iR 7
B, B 5L DL BC AL 45 1 (BO, ) JE A 7 24

700,450 TRATFLGLES R, BT, B, A9
FLEARETT LA WvE S 4 45 B, O, 5 2 A 1] 4
FEFRIBREE , 254 B KR AR K5 T PR 2 I
HIEARHIAE ; R, FRE S i P 5 22 1] )
*ﬁl—ﬂ’ﬁﬁﬁiﬁ?ﬁm 28] .

I3 45 % K [ B,0, 7 1t B,0,/Zr0, 1 B, |

O

Intensity (a.u.)

a a

1 1
538 534 530
Binding energy (eV)

Kl 3 ASJA] B,O, & & A4 B,0,/Z10, 1)
0., B, il Zey, {00 T3l
Fig.3 O,., B,., Zry,; XPS spectra of B,0,/
Zr0, with different boria content
a:4.1%; b: 8.3% ; ¢: 11.7% ; d: 15.8%
Zry K1 O, 1) XPS $5 . Oy 7 BRI, R 1 2517
AEFRARE] B Zr MES S RELA L B, M Zry REGAYAHNS
SRS LG (B R E g BT R Z L : L,/ Tpma) 5 46
RINTR2. B O 1y XPS i B AT 038 (5 Zr B
FH OB Eg, oy 530.2 eV, M5 B AR Eq A
532.2 eV), PiFh O 1 Eq REZR AR XT 58 L HUAE AR
HI T3 2.

526 196 191 186 181 176
Binding energy (eV)

x2B,0, 58X B, Zr,, FEHELLK B/ Zr B3R FLLHIR200
Table 2 Effect of boria content on the binding energy of B, and Zr;, and the atomic ratio

of B/Zr |:IE015<B)/IEOIS(ZI') ’ IEBIS/IEzr??d]

Boria loading Binding energy (eV)

Ratio of peak areal

(% ) B, Zr3d3/2 Zr3d5/2 I EOIs( B)/Iuomz:) Tipis/ Tiasa
4.1 192.9 184.8 182.6 0.66 0.06
8.3 193.0 184.7 182.7 0.94 0.13
11.7 193.0 184.7 182.6 1.17 0.16
15.8 193.1 184.7 182.6 1.44 0.18

M 20 W, AF B,0; & I R 3d I 45 5 fig
Eyisn B B, Y943 51 1 184.8 eV F1182. 6 eV, B,,
LS G RESSZI 0 193.0 eV, JF HZ B, 0, & #15
LB A N B Ry 2 S SRR 4 e 5 S L 1A
BO, A LM B U B, O3 X AFHE. Ao/
Apora(m T A/ Ay, PIBE B, O5 55 138 i 4 K,

VLIRS R B 51 & R BE B, O, 1 f 3 fin i 38
K. FHIE, PiFh O /) E,, BEZL M AR X 58 B LB AT
S WAL F I B 5 A AE R L
2.6 BRI (NH,-TPD)

FRATTR T 2 W f AR R i SR i, PR
A NiE 3 NH,-TPD R4S, B B,0,/7r0, i1k
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) NH;-TPD & K] 43 Sy = A~ B B X . <200 °C |
200 ~400 °C, =400 °C, FEHK R Fem ML F 2 1H

g, L BRER LY, R4 R T 3.
AL, BREFEB,0, & BEAGI KGN, MR . 5

%3 B,0, & 237 B,0,/ZrO, R E M EAI S0
Table 3 Effect of boria loading on the acidity of B,0,/Zr0, ,

Boria level

Acidity ((mol/g)

Acid site distribution (% )

(%) Total W M S W M S
4.1 202.9 78.7 121.7 2.5 38.8 60.0 1.2
8.3 328.6 88.7 233.3 6.6 27.0 71.0 2.0
11.7 302.6 73.4 243.7 3.6 22.9 76.0 1.1
15.8 245.8 56.0 188.3 1.5 22.8 76.6 0.6
19.3 187.6 42.0 144. 4 1.2 22.4 77.0 0.6

“Total represents the total acidity; W, M, S represent weak, intermediate and strong acid sites,

which corresponds to the ammonia desportion below 200 °C, at 200 ~400 °C, above 400 °C, respectively

iR B R R LA B, O, B il 8. 3% B KA,
SRR FETE 11. 7% B W I K ME ;59RO i A 43
R B, O Fr i I, T PSR ER 1Y E 4> 5 =Rl B, O,
Y.
2.7 FCHBESENTEEEHRA

Bl 445 T B0, 75 i % 34 O i 5 5% Ak % 0 5%

100 & X=X
X ——0 ——4.1%
—&—83% —A—11.7%
80 F —X—158% —x—19.3%
__60F
$
a0t
20+ X
1 1 1 1 1
2 4 6 8 10 12
TOS (h)

[ 4 B, 0, f5 X] BF O B 554 L3R 5
Fig. 4 Effect of boria loading on cyclohexanone
oxime conversion( X)

M. BRCER G AE Ze0, bR 0.5 h J5 4G b5k
52.3% , CINBEIZRIERETE N 5. 1% ( F LR P
PEPEME : PRCUEA 21. 4% | PO R 35. 6% FNA WY
W32.3%); R A 2.5 h 5, RO LE
KR 0. SCHRIRIE ZrO, ZR1H Y 1 PO AN R F B HE
FRNE) A, S IR EA O T i Mo 5 e <52 1 52 1 1)
K, WA AR R 35 R B, O A
B, 0,/ ZxO, AL I 34 Ol 5 1 w0 46 4% b F 34 3 3
100% , {HE s g #E 47 35 AN [R A% B2 1 R B i1k
FIRTEPERS E PERE B, O, & £ B IS5 18 K5 18/,
2 B,0, & N 11 7% BHEAR AR e T i .
CONTEIE S B E T &, 4. 3% -B, 0,/Zr0, % 1 1 &
LI e 95% 5 i 1R B, O, & A H T

S HAR - PRy e, 24 B, 0, &g 8.3%
I, NI PR (29 98. 5% ) FEAAEH B, 0,
Ep VB e
2.8 B,O, 5 REMMEZ BRI X R

B,O, &1 Xt B, 0,/Zr0, (U4 / 451 . 3 11 1R
P PR AL RS R R RN, Mtk
PR 2H 73 A A AE ARSI 5 1 2 [ A E— LR
PRGN 10 136 PR 2 o £ 22 L BO;
HFEARLHY IO B, 05, FKIfT B/Zr J5F- LU B, 0,
EEE NG O, R O T BN R R O
PS5 45 T AR TR 3% i B/ Ze J5UT HE 5 R R IR PO

80

sr

70 r

Pisas (%)

65

60

1
0.05 0.10 0.15 0.20

IB/1Zrs (XPS)
K 'S B/Zr J5iy LU ip AR SR BE AR 0
Ry edlP
Fig. 5 Relation between B/Zr (1 /1,,,) atomic ratio
on the catalyst surface and percentage of intermediate
strong acid sites ( PISAS)

Ho g RZEMRR. B, PR 0N a2
B B/Ze J5 T LRGN B A S, R B, 0,/
Zr0, 351 LA BO, S FEAR S5 H Hio0 Y B, 0 /2 P 9 IR
UL B R ST RV R R O B H FEB, O,
FRSEH RSN, EIXAS BT E. oY
4 B0 e M R RN Z JZ 0, BIRAIE PR
Sy P REAE 55 T 10 LA = A BO, g HEAS 25 44 BT Y
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B,0,J=, SEIRMEF L.

2.9 B,0y/ZrO, S 1A N e S EH R M HYE Ml
N T IRIE B, 05/ Ze0, 11 X3 C i 5 U] 5 s

HES SR A AT F A6 PR bty , Fefi il B, 0555

ORI T RONHT 12 h PN © N M 9 °F- 24 7 A< [ o

SRR OB HEMER. MIE 6 nIH, S NBEE

250

200

Isas ( B mol/g)

150

40 1 1 1 100
4 8 12 16 20

Boria loading (%)
Bl 6 ST 12 h A2 N IERG 72577 2 (Y) 45 v A5 ik BE 1R
HL L H (ISAS) i B, O, 7 4 (942 {3
Fig. 6 Caprolactam yield (averaged within initial TOS 12 h,

Y: % ) and intermediate strong acid sites (ISAS) vs.
boria loading on B,0,/Zr0O,

(11 24977 5 T o 458 58 2 TR R R RO H B B, O 5 4
AEAFAEA R AL R BEoh, ATR A N
PO JHE P M0 o 26 i B2 PR L I 2R R S B, Oy
BRI R AW AT, W B,0,/Z:0, K 1
HR AR JEE R L R R AR G A DL e 2
FHES A L. X — e e T 3T AT
{SEYEREAE S

34

L TR, BRI AR BNy B,O,/Z:0, R T 1Y
PR TR L BO, WAL IR B,O,, ©
BP0 TR B, O, Fr A AU
B, 0,/ 760, TR 0 HO R F AR, 117 L 520
B, 0,/ 710, i He T FIER VA 200, 1 S AT s SEHES]A
B, O, TR A2 DU A5 A 700, L4 B0 ) D05 700, 4
DB R K. 700, BRI R 1 70 2
FRPESAT . 5L, B,0,/70, MR Tk 15 H A
TR 2 B 56 238075 Fh 2583 FE TR P00 1 A
AR BRI A D i 5 T A 2 A PR PR
L.
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The Texture, Structure and Surface Acidity of B, O, /ZrO,
Solid Acid Catalyst Calcined at 700 °C

LI Wen-sheng' , YIN Shuang-feng" >, DAI Wei-li', XU Bo-qing’, ZHOU Xiao-ping'
(1. College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, China;
2. Department of Chemistry, Tsinghua University, Beijing 100084, China)

Abstract; The effects of boria loading (0% ~19.3% ) on the texture, structure and surface acidity of B,0,/Zr0,
catalysts calcined at 700 “C were studied by BET | XRD | FT-IR | XPS, FT-Raman and NH,-TPD techniques. The
surface area of the B,0,/7Zr0, increases with the boria content, and then decreases after the boria content exceeds
4.1% . The percentage of tetragonal zirconia increases with increasing of boria loading, and reaches a maximum
value at B,0; loading of 11.7% ; further increase of B,0; results in the decline of the percentage. The change of
the crystal size of tetragonal ZrO, vs. B,0; loading is opposite to the trend of the percentage of tetragonal ZrO, vs.
B, 0, loading. The boria on the ZrO, support is mainly composed of BO, structure units. The atomic ratio of B/Zr
on the surface of B,0,/Zr0, catalyst increases with the increment of boria loading. The numbers of total acid sites,
weakly acidic sites, intermediate strong acid sites and strong acid sites become large with the boria loading, and a
maximum values appears at 8.3% B,0, loading. However, the percentage of the intermediate strong acid sites in-
creases with the increment of the boria content, following the same trend as the atomic ratio of B/Zr on the surface
with boria loading, suggesting that the BO, structure units is mainly responsible for the formation of intermediate
strong acid sites. The correlation between the surface acidity and catalytic performance of B,0,/7Zr0, catalyst dis-
closes that the intermediate strong acid sites are active for catalyzing the gas-phase Beckmann rearrangement of cy-
clohexanone oxime into caprolactam.

Key words; B,0,/7r0, ; Solid acid catalyst; Surface acidity ; Structure/texture ; Beckmann rearrangement reaction



