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Abstract An ozone catalytic oxidation treatment technology with natural aluminum ore as a catalyst was
developed to treat the byproduct of oil-bearing clay with oil content of 6.5% produced during the thermochemical
treatment of petroleum sludge at tank bottom. Under the optimized treatment conditions, the oil content of oil-
bearing clay could be reduced to 1.2%, meeting the treatment requirements specified in the “SY/T7301-2016. For
further research on the contribution of the catalyst to the ozone catalytic oxidation system, the reaction activation
energy and reaction rates of ozone oxidation and ozone catalytic oxidation were compared from the perspective of
kinetics. The results showed that, with the catalyst sludge adding, the oil removal rate increased 2—3 times and the
reaction activation energy reduced 84.2%, which showed the effectiveness of the catalyst on the kinetics of
quantitatively. As a kind of deep treatment method of the oily clay, this technology further complements and
improves the recycling and harmless treatment system of petroleum sludge at tank bottom.
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W 43 & K R AR T 0.5%, 728 5445 T 347 [l i F)
FH, A 0 RAR T 2%, T2 SY/T7301—2016 x
HE P B AR BREESR o (HUR, 7EZKAH R 2 A e
R, HhBa & a7 Ly, ssa &
R A 6.5%, HACFRXERE &R, o o RE R T
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Sy EmEs 1, R DL S A A A O B R R
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M BET R pH) Y B Al T 56118 — 4T
ZE% F A M R A AL B A AR B N R[] 30
min, SOV FE 45°C, AR 3%, RAHE
4 3.5 mg/min, pH K 9. TERMAANT, SidhbfE
FIMAL AR T RER R 1.2%, L SY/T7301—
2016 F5 o HHLAE B AR BRELSR o itk — 25 i o i AL
FIT LA AL AR R TTRR, DB AR B R,
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Z 1% AL BE H1 69.062 kJ /mol F&1K 2 10.884 kI /mol,
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1 U 4 o 43 AT 0 2, RN % B MR Al Sk
(22231 J5 5T

i FH 434 B, 7 2. 73085 (Scanning  Electron Micro-
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P 8 5 I 2 @ AT BURE, B 100 g B
N SLER SR (e QPRI ) o A > B 151 ) i Ak
I, AR R GBI E R 31, T BT Y pHAE
J& CFIF HCL AT NaOH 1895 R G211 pH (), JFia R &
AR, AT RAML RN . R SR E, R
FAAR 0 T3, KA AT R . 25
HWOT- R AR A B0 A T, #3000 r/min Y B0 )
58 RS B AR o VRORE A R SRR S8 UK
O3, EAHECH 5 g A H.25 B4R 1 (—0.1 MPa, 60
CCYME T, FEAT S MR AL %

2 RBHR G
2.1 EUFIBRIE

K M XRF 2 % 0 il FH AT 19 K2R 4507 4 (natural
aluminum ore, NAO). i /5 K KRG A (used
natural aluminum ore, UNAO, i [f] 10¥%). i HRTH)
TE B BRAR T £ (calcined aluminum ore, CAO)FI{ii
G R e Ab FRER B A1 (used calcined aluminum ore,
UCAO, il 107) 4 R AL 9 i L ak, 45280
1R 4 PR G B Ay KR —3, #R L
Al,O3, SiO,, Fe,05 F1 Ti0, 0 F (1 84%~ 96%), [A]A}
N & /b Nay0, CaO, K,0 #l MgO 2554y, H,
S RIMAR KA. 580 A AEAR & )
iR G R A U T R AL AR DL G Ty
1 #P A AR A T PO R AT LU, Zad
K e b S AR TR T 10 RS, 25 2414010 & i
BIREA KK, KRERG PR KRBT A
FEESLAF 105, B R B R (R & ALO;

£ 1 E4LF NAO, UNAO, CAO #1 UCAO WL B
Table I Chemical composition of NAO, UNAO, CAO, and
UCAO catalysts

FTit 0%
W5y

NAO UNAO CAO UCAO
ALO; 50.621 45.650 57.523 56.897
Si0, 34265 23.014 28.148 26.460
Fe,05 6.023 10.089 6.095 8.105
TiO, 3.795 5.607 4.018 4741
Na,0 1.089 1.482 1.711 1.267
CaO 0.987 1.074 0.810 0.825
K,0 0.451 0.362 0.474 0.461
MgO 0.203 0.197 0.241 0.185
Hofth 2.566 12.525 0.98 1.059
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AR, 3% M3 — A B U B RS B T B AT A 85
R AR A R

K 4 20 565 2, X CAO, UCAO,
NAO 1 UNAO VU i £k 77 (4 3% 11 1 i A1 J gk A 7
I3AE, SERNE 2 fr R . fE 3700~3200 cm ' kb H R
38 5 (A W NS —OH iR 8h U, 76 1150 711450 em !
Ab B 43 551 S C—H F1 C—O PR s, 7 350~
800 cm ™' H BLAYIE 43 BV R Al—O, Si—O L J Fe—
O 5P PR s e . E— 2 MER R B, Zead ks be
Ab PR S A pEAL R FE E Sl 10 R UG, HERERTRY
T 2 55 B0 O oK & AE B W i AR Ak TR 2R Ak B 1Y
PEALFIAEZE S 105, HE BRI R BR K
A Ak, (R I W S, R 350~800 cm!
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I b LI L 7R 3 T 2H 0 B e v R KB, BF
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WM 2 fi7n, NAO Fil CAO Wi R AL 7 B pH,
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JEAERT e i v — L6 ER A W) I3 32 A3 e M S Ak
Y, DIRRTEMEAL R R, SEOLHME N . CAO
PRI L AL FLARBIRIFLAR 4> 510 1.1430 m/g,
0.003994 cm*/g 1 13.970 nm. Xf NAO {4k 7 > i,
b3k 3R R FRSN M 0.8734 m¥/g, 0.002065 cm®/g il
9.458 nm. W[ LAFEH, Sl Rpaab BSR4 ik
FIEY 3 TG bR AR A AN [R) R B2 (38 m, X2 iR T
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Fig.2 FTIR spectra of CAO, UCAO, NAO and UNAO catalysts

Bl Bh A RORLEE A3 A AE 1~10 pm Z A, SRR
6.5%, M TCEMHTEER T C 82.54%, H 10.12%, O
4.60%, N 0.42%, S 2.32%, H=REGHAIRE R 77.95
mm®/s. 454 3 0 R B A AT 45 SR LR
Z AL A AR R A B, XV o
RCRARH TR, KR EHOK PR T2 RO
M — A EERE,

2.3 ARIEEMNREEN X SEIRAZNT
2.3.1 B EXT A R 3SR B9 S M

TE N TREE N 45°C, pH N 9 Y &MEF, WF5EIR
JE s [v) o Bl B4R . NAO AL AL L B CAO
R MR 3t R 2, Horp AR e
B A 3%, Z5HRANE 4w, aTLUEH, RARE
AL Y 2T RO B R AR T B S A AR A, X

1155



R MARBI ) 558 Helll 20194 11 A

*®2 FMELT NAO T CAO MR
Table 2 Properties of NAO and CAO catalysts

Ak PHpze HRTRY (m*g ") L mm AAEFY (em®g ™)
NAO 7.20 9.458 0.002065
CAO 11.48 13.970 0.003994

x3 AMHBLPHENNASAR. BEREE
Table 3 SARA, viscosity and density of oil in oil-bearing clay

MANSY 1% FiE % JBE 52/ % Wit IR/ %

B E(20°C) /(g-em ™)

B (40°C) /(mm?-s™") L FE 53 AT /um

25.8 56.1 7.8 3.5

0.9514 77.95 1~10

DA DULH AT SR 100%, J5LEE Al AE S Il B th R 4 045 %

Fig. 3 SEM micrographs of oil-bearing clay

S W T A AR R LS AL R AR R, B O
Oy FAEHIPLEREL 2R J-OH HLFE, T -OH il Jo Bk
PR R BN, 2 il g TR R R iR
1 R AL R B, 5 NAO AR, CAO 42
BCR BB W ERAE T, Sadibe)a e ek
A FLARFNFLARFR 3 W5 bR a8y B k3t (3 2), [
AL B TE PRI 22, O3 43 FH5 Ak J-OH [ R
B Zad 30 /3 Eh AL HR, CAO 4 & B
WARCBEAIRE] 1.2%, HFEE B s —2E 8, &
MRVVE BRI TR T 276 5 AL A 51k
FREER, o F A SN IR RE R 30 204
232 BEXAENRNIMm

e pH 2k 9, EALFIF & R 3%, RAHEN
3.5 mg/min, SN ] K 30 A0 0T, BFSEIR
BEXT RMACR R, 5 R ME 4b) iR, 3422
[ A 8, CAO B4R i Ak A8 Ak 41 1 T s8R e i,
45°C W&l R Al f& 2 1.2%, 5% SY/T7301—2016
B o R A Ab B SR, HLAE S5°C BF B — A%
MEARAE 0.9%, ZJ5 WM& R — 2T m, &l
AR T o Wi SCER[3T]R AR RS, $ i B AU 1k Ak
o AR 1) S R A B T R AR S0 Y 40 i L AR T
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T Y -OH,  DUTTT sk 25 v i RS (H, MW
H-OH i BB, M E Z W&k APRCK RN, I H B
T EE BT, SR R B S B TR . X AN A
2B N T B R A 55°C B = Il R FEAIG, I,
FRAVBe S5 S I T 7 Sk 45°C
233 REASEXMLENRNZIN

1€ pH M 9, MEALFIBEINEE Ry 3%, SR [E]
30 434p, VIR 45°C AT, BT S S
MR R, SR AE 4R, TTLIEH, fE
FAE BN 1.5 mg/min Z A3 A1) 3.5 mg/min A9 3
FErh, RfE SLAAROIN R RN, 3 AL AL A Eh
I — R R ARG, i CAO AL
AR 2 1 AV S 88 e K, LR NAO B4 i Ak 48Uk
20, PR R R R A A A . B R B Y
JE R 2 TAE 1.5~3.5 mg/min XX ], JCig 0516
J&-OH YRR B M FAUIRES, Bl & 45 H W B 19 38,
HOm T 5% A B A LS, SIS R
b, FTLA 3 3 SR IR % . HE, W
2327k, BT -OH My &imiG i i #B it 05, FF
D2 A i Ak ) 4 2 b 80 R AR T Bl B4R A 2 1Y B
%o LM AR, 7E3.5~5.5 mg/min X1
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Fig. 4

X i), CAO 5 NAO WA I —A-EH B 1 P 4%,
1 RA AT 4.5 mg/min 5, #F— 8 R A H
i, RMBORARE R T, o — A F R EAE T,
MV U Y -OH Yk B R i — % TE LIS, M B Z (]
SRR, A AHIEFE, IR B M BOR 7
— R LMK, BT e 3.5 mg/min A9 5L E
T, CAOAEFME L SR R E 2% LT, 474
B IR P A IR E K, MR AN
3.5 mg/min,
2.34 EAFIAEXTERRF M

TE pH N 9, RAHE N 3.5 mg/min, [N i E
45°C, [NIETIE R 30 8P 4500 T, BESE AR

Influence of time (a), temperature (b), amount of ozone (c), amount of catalyst (d) and pH (e) on oil content

X RVMACR ), AR AR R 1, 2, 3, 4
5 g/100 g Zhi 1, AR WK 4(d)in. ATLLEH,
Wil A AL B A B, 2 AL AR el A PR S
() T G S i R S e B AR T = R A X
JEH T YA R RS e REZE, A
() -OH 2 AH X 26 A Hp 04 i 49 f 156 35 21 3 1 ek
&, OH KRAFEKIN, MR ACE, HF CAO
TEAL T L NAO i A6 50 A T 2 (T Pk s AL, B
Fitk CAO 5 O, fEM & A= T 2 19-OH, Jir LA 233
BORE T NAO, il 245 55 A itk e NAO $2 1 i
Mo I 4@)rT LR, SAEEARI R 3 ¢/100
g i (R AER & R 3%) o
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2.3.5 pH XA EH RN

1E R A E N 3.5 mg/min, HEALFIFINE N 3%,
SN R 45°C, SN IE] Ry 30 AP S5 E T, B
9% pH X iR 2w, 25 R unE 4(e)fran. TRk
B, AN pH 44T, 3 A2 A [\ i 72 Ab 2
B G AR — e R AL, B
TRy gl B A A AT b PR S (9 55 i R B T
1o e PR A R 34, (AR 2 A0 B A 5 T R A A
AR S, pH Z T ABERE 52 i R, R
JEHF OH B 51 & 05 3 r=4:-OHP? . 14k, pH
TR ER N e i A o o T N~ i
B BB R Y pH B R T AR TR Y A e
pH I, fEALFIRIA SR E RO, 242
KA AN . FERARHY pH E N, [ DL
My Os YERI M &, % pHAE T, -OH MEH %
Bromas . X AE R RO AE B R EUNAO ]
At A AL TE pH ly 3~5 S N g e R B &
T Bph i) RS A4l . B A pH ) 3 — 20 Tt
i, OH ML ZE AR 2 5 73 AR B, NAO iy &
MR B TR, 76 pHE 6 LLs, HAMBERE
AT B R A4 . L CAO AL T Y 5L 4 M
B TR, 76 pH b 3~11 AYE Bl Py, HiEhsioR
— H T B R A AL I NAO 4, £ WIAE CAO 41
Bt R, -OHMEM — BJE T F 3 My, X
Ui B 23 5 e I B A AL T BB 1 PR 9 e sz 1o B
5. 76 pH A 9 W, Zead AbHS B ik 26 1 00 5 b R
ATREAREN 1.2%, ZRA % IEAL B SAS 5k bR BER, ¥
i pHE N9,
24 RN HZEHZR

ML S AT LA, ol g B A A AL 2 FR R DA
CAO A AR (4 R A AL S A R, JHG S g 16 2
— W Bl 12 AR . MR 4 Arrhenius 23 3 (X
(D) RA B —2 s i s 12 07 2 ((2),

—Ea
k= Aexp(ﬁ), (1)
dc
—_ = —kC .
(dT) ’ @

AFLLSR L CAO Ry i A 7] A 5 G4 b A8 Ak i R 7
308.15 F1318.15 K ik BN A9 S b R 55 b DL S
NG A RE E,, Q03R4 PR o TR, ATaE—20 R
o RE AR kM OE, SR ER, X
FH CAO ALIZ N, AT LA K K B AR S g BT 75 B 1%
fLBE, H1 69.062 kJ/mol FE{IK % 10.884 kJ/mol, F&{I%
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Fig. 5 Research of reaction dynamics
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Table 4 Reaction parameters of catalytic oxidation and
single oxidation processes

. J/min”!
S E/(kJ'mol ")
308.15K 318.15K
CAO fiEfb 5L 0.049 0.056 10.884
o R AL 0.012 0.028 69.062

W B2 T 84.2%, Jf H BN B I o R 45 iy 2~3 %, M
RIS b E—2E I CAO HEAL T B AT RO AL PERE
2.5 EAFIREERAR

h T X CAO 5 NAO figfb I i A& se v, 76 pH
9.0, 1E5A TR K 3.5 mg/min, HEALFIEINSE R
3%, N EE 45°C W41, X i R b g g i
T 10 R B9 AL B, A YR AL BRI (] 357 8 30 4346, 3k
AR 220 10 YRR RS e MERE, 25 R gk 5 fr
Ro ATLLE H, CAO A7 41 1% 208 A i 72 o,
Fsc R AR R AR, IR BEM A 10 kG, S abE
Je B I 8 S TR AT TR &R 1.3%; 1 NAO fiEfk
R, TEESH T 10 YA 72 H 2 v 56 S 04 K
FERIAEAL, MGRIRIY 2.1%728 K 2.7%, TEIZ kb
b B B AR AR A AR AR L KSR R B
HhIFARENE . XSRS ik H XRF Al FTIR
PRl F-Be RAE B 25 R — B, i — DU KRB0 A
VB SRy B A0 350 7 FH 21 25 i 75 T A B4R 1) R s
li] 5 AT e
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Table 5 Stability of CAO and NAO catalysts
ERUERD
(LURER/€e
CAO 4 NAO 4
1 1.2 2.1
2 1.3 2.2
3 1.1 2.2
4 1.2 2.4
5 1.3 2.5
6 1.3 2.6
7 1.2 2.8
8 1.2 2.8
9 1.4 2.7
10 1.3 2.7
3 &g

FIREE 1 Zead K e ab B 5 4 Ry B4R AL SE b
LR (CAOYVl I, HAMRArrffbtkfE, £ R A
H 4 3.5 mg/min, A0 &K 3%, pH A9,
SN B[R] 2y 30 43, 5 gk BE Ay 45°C 1 S5 fIE 25 A
T, Zid CAO RLA ML E A 38 5 S & L&
TR A FEAR 2 1.2%, i 2 SY/T7301—2016 Fx ifi
FAE B AL B LR

H5RIRFEO GM L, Sl BRI S T a
R E MR R, Hai i 105, S Ab
B 5 RG-S R AT AT AR 1.3%

CAO R M AL Ak 5 Bl B4R S804l 1Y B b ok
TR X506 J2 — G N B0y ) 2R, 3 ik s R A
k5 R NIEILEE E, I FEAR X H, R BR FH CAO
AR A B, TR AR AR R K FRAIR, h 69.062
kJ/mol [k %] 10.884 kJ/mol, FAAIGIRJE VT 84.2%, -
HLRE 5 2 I TR B 2~3 4%, MRS b i —F
BT CAO AL A 3

£ % STk
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