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Abstract: [Objective] Thermal desorption technology is widely applied in the remediation of petroleum-contaminated soil.
However, the significant differences in the thermal desorption characteristics due to different types of clay mineral, significantly
impact the setting of process parameters and the efficiency of thermal desorption. Thus, this study aims to clarify the differences
in thermal desorption mechanisms among various petroleum-contaminated clay minerals and to guide the determination of
application parameters for thermal desorption engineering. [ Method] In this study, contaminated soil with typical clay minerals
including montmorillonite, chlorite and kaolinite were prepared to investigate the thermal desorption kinetic properties, and
characterize their microstructures to explore the differences in thermal desorption and the influencing factors. [Result] The
results showed that the thermal desorption of three contaminated soil could be divided into three stages. Phase | (30 C-110 ‘C),
in this phase, montmorillonite and chlorite exhibited a three-dimensional diffusion desorption mechanism, while kaolinite
followed a first-order kinetic desorption mechanism. The activation energies (Ea) were 58.64, 124.96 , and 75.22 kJ mol,
respectively. Phases 1l (110 ‘C-370 “C)and 1l (370 ‘C-520 °C) followed a first-order kinetic mechanism. [ Conclusion]
The physicochemical properties and microstructure of clay minerals are the main parameters accounting for the differences in
their thermal desorption characteristics. Montmorillonite mainly relied on azeotropic stripping, diversion diffusion, catalytic
cracking, and interlayer structure adsorption, which promoted the thermal desorption of petroleum hydrocarbons. The
influencing mechanism of chlorite involved physical barrier and catalytic cracking, showing an inhibitory effect at temperatures
<200 °C. However, thermal desorption of petroleum hydrocarbons was promoted when the temperature was >200 ‘C. The
influencing mechanism of kaolinite was mainly chemical adsorption, which generally inhibited the thermal desorption of
petroleum hydrocarbons. This study provides theoretical guidance for determining the thermal desorption process parameters
of petroleum-contaminated soils containing different types of clay minerals.

Key words: Clay minerals; Thermal desorption; Catalytic cracking; Diversion diffusion; Interlayer adsorption; Petroleum

contamination
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Table 1 Basic properties of clay minerals

Lk 3% T A Specific surface “F ¥ FL & Average pore F ¥ FL {& ! Average pore
Fi1-2%% Clay types

area/(m?g?) diameter/nm volume/(cc-g?)
&£ Kaolinite 2.074 1.126 0.004
Z A Montmorillonite 72.27 3.969 0.123
ZkJe A Chlorite 22.55 3.969 0.041

*®2 FHEAMR

Table 2 Basic properties of crude oil

J5 & & Aromatic  KFIIT T Resins
Ml F1 42 Saturated Fh E
¥ Sample hydrocarbons/(g-kg-  and 3 B Density/(g-cm3)
hydrocarbons/(g-kg™) Viscosity/ (mpa-s)
b asphaltenes/(g-kg?)

BRI Y 718.4 116.5 165.0 0.925 97.87

(DExperimental crude oil.
1.2 HERE-FRE (TG-MS) &#h

A E- 51 3 BT (STA449F5, NETZSCH (4t ), 75D S A E S 8 55 : #£ i &y 10.0£0.3
mg, RIENELE Ar (99.999 %) , FHEEZR N 10 Cmint, FiERHZ & FHE0 (MID) 7kt
.

http://pedologica.issas.ac.cn



£

Acta Pedologica Sinica

1.3 X 5£kfi78F (XRD) 43#f

X AT (BrukerD8 Advance %4, Bruker (fif5) , EED KEEIESIERE: RAME
(Cu-Ka, A=1.5406 A) 1ENHTLRIE, TAEHEN 40 KV, TAEHHRN 40 mA, RHESHMBR,
FHEVEE (20 /) el 5°~85°, K 0.02°, FAAFEEE 1.2s,

1.4 B FEMIKR (SEM)

K KSR T %% (FEI Quanta200F %Y, OPTON (BKEED , EED , MR
JRESAL, FEME N RS AT A 4 . RBHRESHON: PRI B R T ERACEE, T 5 R
A& B o Sl FH B < AL B
1.5 S5 IR B Rt B

FE IR LU SR TR FL 25 ) AT i B oty 2 a8 3 ) B2 B (X (Quantachrome Instruments 1Q 7Y,
Quantachrome Instruments (&%) , SEED #HATRAL. KEHRESHON: 1E 200 CFAF NETEZM
SAREE, 2 JE T EAT RO S R RS AREL . LB R TR % T ik #R (DFT) it
5, Barret-Joyner-Halenda 72: (BJH) 5 Horvath-Kawazoe 72 (HK) 2 5iliH S LA FLIFLAARR o
1.6 AERMIZINZE ST

BN 11550 BT LA 7 S S R RIS TR #A G I R A5, AR SCR AR BLU G 7 it AT 3 ) 2
I3HTe FARF) ) AR TR

— %z 1% (C -

fl@)=1—-a 1)
g9(@) =—-In(1-a) )

W1 (Cy)
f(a) = (1—a)? ©)
g(@) =1-a)'-1 (4)

Eﬂ&ij]jj% (Cs) :
f(a) = (1—a)® ()
(6)

1
9(@ =5 [(1-a) 1]
#éﬁj:}ajﬁﬂﬁ (Dl) :

f(@)=[-In(1 —a)]* (7)
g(@) =a? (®)

THEYEL (Do) s
f@=(3)a -0 (1 - -] ®
g(@ = a+(1-a)n(1-a) (10)

=4y H (D) -
f(@) =[-In(1 | -a)]™* (11)
2 (12)

9(@ = [1- -y
o, o FREEILEE, % ()RR o(@)h (o) B R, T BRIt % 4 T
GERFIBNEL, #5R H—BUA W R R K, 05 = B 5 ) A . 1L
HOTESES AT AT (TG) FHE 4 B AR R RBEIREE (T MR, 2291 Im{g(e)TIRIAS T /T
PR, RHSALSCRHET SR PERI AT, SRAI RS etk (OLS) AR LRI . R RALELA:

http://pedologica.issas.ac.cn



£

Acta Pedologica Sinica

SRR ERE (RD PP, MR R2 = 0.98 B, MIIA NI REIR I MR Z B B
BB 2 71547 9, HET I H B AU B ISR N ) 5 5 4
1.7 HIEBUCMRO

W TS 4EE  99%I1 Uk L B2 AT RISk e An = 2820 0 W 2 SR S R kAT JE A T o 5
HARRS: SRR ZEENE, ZHERN HI613—2011 ( HFE TR AUK S e EER)
B MR LA 66 BRI E , KR HI 637—2018 (/K5 A it 2B A Sh A2 I 204Nt
BEVEY 5 T BERLAR A R A O R FE Ao BT, 2 S [ ) 1 39 T 40 25 AR #E (USDA Soil Texture
Classification); VUZ1/rifid AL 2, 816 NB/SH/T 0509—2010 (f7ihTs WU ME k) 5 b
KR FLAEFFLERCR A BHEASI, $AT GBIT 19587—2017 S AR I BET kbRl

2 #R5WHE

21 BHISRMIVIRREESFE

N DI ot AT ot A el A PR (i 1E B AR A - ASSCEI N AR« BARAR TR ™, L0 40
KL A 3 7 A JC A AR, 3 3040 i 4 20 2 R P RV AT AT AR 3 T ) 2 BB o DA BRARURRETRY i
it B b 2 A gk, A Rl AT R B PR et B A A e TRSRR IR 20 )00 X 6 i AT
LN ACRERZ, R SRIRGR BRI SR LA, R R R S AR T
R 2Bt B B b R LUR AT, S8 TSR E 2R, IR TS B AR S A
REZ LR, F Pl K TR B R, R IR Wy e e i BB, e MIRBLD
HIEM . AR IR FH I TG 45 SE IR E 734 TG #hZkxf thin & 1 fros

110 105
HM 3

HK b)

100

100 F
95

2
= 90}

i fit Mass/%

Q0 b - IRTG
Theoretical TG
— TG

Experimental TG

" ' ' " ' A " 1 L s L L L
0 100 200 300 400 500 600 0 100 200 300 400 500 600

1o Lor , ‘
He ) ST-1 | ST-2 ST | 4

05F

i
i
i
i
100 | i
— i
< i
o E o} b, o i
B 2 . uy
3 £ o s
= 90 5 . Joal
= 5 W i
e = i i i
B = st i .!"-. '-;ﬂi!:_ !F i —=—HM
- = | niaady WA Ll - i
~N & anngal ., ——HC
Q) | — TG . i P et ’.- ——HK
i X
Theoretical TG Jok : .‘{

-— TG
Experimental TG

" n " " n i 15 il " n L 4l "
0 100 200 300 400 500 600 0 100 200 300 400 500 600

i [% Temperature /°C

WA € Temperature /°C

http://pedologica.issas.ac.cn



£

Acta Pedologica Sinica

W HM, - TG, #REMNT HK, JEl-mit Lt HC, JM-gREfA; ST-1, BrE—;: ST-2, it —; ST-3, M=,
T IA. Note: HM, Crude petroleum - montmorillonite; TG, Thermogravimetry; HG, Crude petroleum - kaolinite; HC, Crude petroleum -

chlorite; ST-1, Stage-1; ST-2, Stage-2; ST-3, Stage-3. The same below.

B 1 Amis et R EMZL (a HM, b.HK, c HC, d. Sl ¥tk ER )

Fig. 1 Thermogravimetric curves of petroleum-contaminated clay minerals (a. HM, b. HK, c¢. HC, d.Thermal weight loss rate curve of

petroleum-bearing mineral soil)
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Table 3 Kinetic parameters of thermal desorption for different types of petroleum-contaminated mineral soils

- \ N o - F2E
Moo B RN Wt B TRATHTARNBEANE K IEkE R
44 F5% Sample name Kinetic
Stage Ea/(kJ-mol?) InA R?adj
mechanism
JE-52 A 1 58.64 16.63 0.9959 Ds
Crude petroleum- 5 3042 4.49 09838 C
montmorillonite
3 134.78 44.76 0.990 9 Ci
Ji =0 1 75.22 24.07 0.980 4 Ci
Crude petroleum-kaolinite 2 37.66 2258 0.981 2 Cy
3 141.70 2257 0.990 3 Ci
JR - 1 124.96 4134 0.999 0 Ds
Crude petroleum-chlorite 2 29.03 442 0.9814 C
3 126.84 19.76 0.986 1 C1

VE: D3, =4y ¥ Cl, —Z45h/)1% . Note: D3, Three-dimensional diffusion ; C1, First-order kinetics.
ST-1 B Bt i— S Wi A 5 S5 —2x Ve A B BN 30 70273508 = 4y B L], 3 PR sk 250 1t B 25 2R
S, B SR R X B RS S AR o T B — S0 AR BOA— i Bh 12 RN
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Bl2 #Eh (a SMA, b, &4, o Ml X HEATH (XRD) i EILL K& Z % SCHRIZPIXRD & # (d~
Fig. 2 X-ray diffraction (XRD ) patterns of samples (a. Montmorillonite, b. Chlorite, ¢. Kaolinite) and XRD in reference®!(d-f)
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Fig. 3 Release curves of gaseous hydrocarbons from petroleum-contaminated mineral soils during thermal desorption
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Fig. 4 Nitrogen adsorption-desorption isotherms of kaolinite, chlorite and montmorillonite (a. Kaolinite, b. Chlorite, c. Montmorillonite)
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Table 4 Interlayer distance, average pore size, volume, and surface area of minerals
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