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STUDY ON NEW METHODS FOR FUELS DESULFURIZATION
BASED ON REDUCTION WITH SODIUM BOROHYDRIDE

ABSTRACT

The consumption of coal and oil accounts for the major part of the total
energy consumption in China. Both coal and oil contain a larger amount of
sulfides which will be transferred into large amounts of sulfur oxides after
combustion. So many sulfur oxides emitted into the atmosphere will bring
about a lot of environmental pollution problems such as acid rain, haze.
Furthermore, the sulfides in fuel oils can poison the catalyst in automotive
exhaust treatment system. In order to mitigate the increasingly serious
environmental pollution problems, it is very necessary to desulfurize coal and
oil. On the other hand, most countries around the world have established more
stringent regulation to restrict the sulfur content in fuel oil. China also is
accelerating the upgrading of the quality of fuel oil. The standard of the sulfur
content in fuel oil is gradually approaching the level of developed countries.
Both the hydrodesulfurization for the desulfurization of fuel oil and the
traditional technologies for the desulfurization of coal prior to combustion
have their drawbacks. Therefore, recently all countries around the world are
devoted to the development of new technologies for the desulfurization of
coal and fuel oil. In this study, based on the reduction desulfurization method
with NaBH,, two new methods were established for the desulfurization of

coal and fuel oil. One is the extraction-reduction method which is a
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combination of reduction desulfurization method with NaBH, and extraction
method with ionic liquid (IL). The other one is NaBH, reduction
desulfurization-electrochemical regeneration method which is a combination
of reduction desulfurization method with NaBH,; and regenation method of
NaBH,; by electrochemical reduction. The conditions of desulfurization
reactions and desulfurization mechanism were investigated. The aim of this
study is to establish new desulfurization methods of fuel oil and coal and
provide new options for the desulfurization industries of fuel oil and coal. The
main research contents and results are as follows:

(1) Model and real gasoline were desulfurized by extraction-reduction
method in which the ionic liquid 1-butyl-1-methylpyrrolidinium
trifluoromethanesulfonate ([C,mpyr][OTf]) was used as the extractant and
NaBH,and nickel salts was used as the reductant. The factors that influenced
desulfurization efficiency and the regeneration performance of IL were
investigated. Results indicated that desulfurization efficiency reached more
than 97% for model gasoline and more than 93% for real gasoline under the
conditions of B/S molar ratio = 9, Ni/S molar ratio = 3, oil/IL volume ratio =
3, water content in IL = 5%, reaction time = 50 min. The IL [C,mpyr][OTT]
has negligible solubility in real gasoline whereas the solubility of real
gasoline in [C,mpyr][OTf] was 4.5 wt%. The 'H, **C and °F NMR spectra of
the recycled ILs were nearly similar to that of the original ILs, which
indicated that the ILs maintained their original structures after desulfurization
and regeneration. On the other hand, the desulfurization performance of the

recycled ILs was also investigated and results showed that the desulfurization
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efficiency suffered from a slight decrease after every recycle.

(2) Desulfurization  mechanism and reaction  Kkinetics  of
extraction-reduction method were investigated. The desulfurization reactivity
of organosulfur compounds followed the order of BT (DBT) > 3-MBT > 4,
6-DMDBT, which indicated that the desulfurization reactivity is significantly
affected by steric hindrance. The products of different model organosulfur
compounds  after  desulfurization  were  analyzed by  Gas
Chromatography-Mass Spectrometer (GC-MS) and their corresponding
reaction routes were proposed. The effectiveness of different nickel salts
followed the order of NiCl, (Ni(OAc),) > NiSO, > Ni(NOj),. Elements
contents of various aqueous solutions from desulfurization process were
analyzed. Results showed that most of the removed sulfur (S) was
transformed into S* and almost all the Ni from NiCl, 6H,0 was precipitated
as nickel boride. A large part of NaBH, hydrolyzed to produce active
hydrogen and a small part of NaBH, reacted with NiCl, to give nickel boride.
Finally, desulfurization kinetics was also probed and results showed that
desulfurization reactions of both model sulfur compounds and real gasoline
could be treated as pseudo-first-order reactions.

(3) Model and real diesel fuel were desulfurized by NaBH, reductive
desulfurization-electrochemical regeneration method in which the working
electrode, counter electrode and reference electrode were the boron-doped
diamond (BDD) thin film electrode, graphite electrode and saturated calomel
electrode, respectively. Pulse voltage was supplied for the electrolysis. The

voltage range for electroreduction of NaBO, into NaBH, and the factors that
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influenced desulfurization efficiency were investigated. The result of cyclic
voltammetry analysis showed that the voltage range for electroreduction of
NaBO, into NaBH, should be from -1.2 V to -1.8 V. Desulfurization
efficiency reached more than 93% for model diesel fuel and more than 86%
for real diesel fuel under the conditions of —1.5 V forward pulse voltage, 0.3
V reverse pulse voltage, 1.5 s forward pulse duration, 0.5 s reverse pulse
duration, 0.2 mol/L NaBO, concentration, 1.2 mmol/L NiCl, concentration,
1/3 volume ratio of oil to electrolyte, 1.5 h electrolytic time.

(4) Desulfurization mechanism and reaction kinetics of NaBH, reductive
desulfurization-electrochemical regeneration method were investigated. The
result of "B Nuclear Magnetic Resonance (NMR) confirmed that NaBO, was
converted into NaBH, by electroreduction. The products of model diesel fuel
after desulfurization were analyzed by GC-MS and their corresponding
reaction routes were proposed. Elements contents of various aqueous
solutions from desulfurization process were analyzed. Results showed that
most of the removed S was transferred to the electrolyte and almost all the Ni
from NiCl, 6H,0 was precipitated as nickel boride. Most of the boron (B)
still remained in the electrolyte, i.e., most of the B can be recycled.
Desulfurization mechanism was proposed based on the above analysis. Finally,
desulfurization Kkinetics was also probed and results showed that
desulfurization reactions of both model organosulfur compounds and real
diesel fuel could be treated as pseudo-first-order reactions.

(5) Coal was desulfurized by NaBH, reductive desulfurization-

electrochemical regeneration method in which the working electrode, counter
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electrode and reference electrode were the boron-doped diamond thin film
electrode, graphite electrode and saturated calomel electrode, respectively.
Pulse voltage was supplied for the electrolysis. The factors that influenced
desulfurization efficiency and the change of characteristics of coal after
desulfurization were investigated. Results indicated that the optimal reaction
conditions were as follows. —1.5 V forward pulse voltage, 0.5 V reverse pulse
voltage, 2 s forward pulse duration, 1 s reverse pulse duration, 0.2 mol/L
NaBO, concentration, 0.8 mmol/L NiCl, concentration, 50 g/L coal
concentration and 2.5 h electrolytic time. Under the optimal reaction
conditions, the removal efficiency of total sulfur reached 64.1%. Thereinto,
the removal efficiency of iron sulfide (81.9%) was highest, the removal
efficiency of sulfate (78.9%) took second place and the removal efficiency of
organic sulfur (52.5%) was lowest. The analytical results of physicochemical
and combustion characteristics of coal before and after desulfurization
indicated that the calorific value of coal increased by 1.8% and the ignition
temperature of coal decreased 10 ‘C after desulfurization. All these results
indicated that high desulfurization efficiency of coal could be obtained by
NaBH, reductive desulfurization-electrochemical regeneration method.

Furthermore, the quality of coal could not be destroyed after desulfurization.

Keywords: Gasoline, Diesel fuel, Coal, Reductive desulfurization,
Extraction, Electrochemical regeneration
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Fig. 1.1 The structure of energy consumption in china in 2013
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Table 1.1 The sulfur content standard of gansoline and diesel fuel in the world (ppm)

Country 01 02 03 04 05 06 07 08 09 10 11 12
USA® 350 30

USA® 350 50 15

EU 150 50 10

Japan 500 50 10

India® 500 150

India’ 500 350

Singapore® 500

Singapore” 500 50

“gasoline; “diesel
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AN 1.3 J7 740 ) g ) 2 PRV ot A0 25 P 9l 170 8 A v 20T R S T AR A A 0 7E %
FHIR 7 T, 2000 4F 57 45 F o8 br e (GB17930-1999) BR il Hh it 2 &
7£ 1000 ppm LLR; 2006 4% GB17930-1999 #4T T1&1T, E@%Tiﬁﬁﬁ?ﬁh(ﬂ ilEE
FAA3 (TIT) % 75 275 £ 500 ppm A1 150 ppm LA 4R )5, 20 %1F 2011 4540 2013 4=
SHRARHEREAT T RE— BT, e 42 VR (IV) R RV (V) B & B R 7E 50
ppm A1 10 ppm LARUO M, ZEAE FSEM U T, 2000 4R E R AT TR e E AR
(GB252-2000), HAf & &R fE 2000 ppm LA F; 2003 45, FE KA L]
X6 75 FH S ) B AR AR UE (GBIT 19147-2003) #15E 2 F SE A& B 7E 500 ppm
DA 2009 4R, FRIE S —ANZEH SR b bR (GB19147-2009) KA, K& 4 H
S (D) (6% & 2 75 7E 350 ppm LA 5 SRJ5, 2013 4F5%) 4 F Seih AR v dEAT 7517, M
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SE T A Sl (IV) RUZE F S50l (V) IR & b e 50 ppm A1 10 ppmt™2. R T LA R
Fhrdt, EJUAFZRPIRTT ARSI E T % 3 R iR S B E AR e, . Jbat T
2012 4 5 F 31 H g fE 4 B LA 2 T BRV Ar #E B9 4 H VO bR dE
(DB11/238-2012), Bl “HrVigh” Frk, FRHMSHEE 10 ppm LAF: 104,
i 2013 4F 9 H 1 H SEft 4 IRt T briE (DB31/427-2013) DLAKILF544 2013 4F
10 A 31 HSitift 2y 7 brrE (DB32/2354-2013), #BZAH 2T BV V< bR
HEW, R, fERAR B, BRE R S AR S R IEE A, B R
ZERE, AFBE A 1T A SR [ SO BRSO (R SR, 05 T PR SSAR E f f E ANS T AE, R
[ 1 42 VR SR AR C BB i/ T 5 R B SR M FE RS, B A S X 28 4T SE I
T HEBRE . T H 28R BV S PR, X LU R R VR S i
MZER, MATiE U)K . S FARRE R B A o
k12 KB £ R ARRAEIRE

Table 1.2 The sulfur content standard of gansoline in china

FrifE AT 1] s (ppm)

GB17930-1999 {4 FH A ) 20004E 1 H 1 H 1000/800
GB17930-2006 ¢ % FHIR (1)) 2006 4 12 H 6 H 500
GB17930-2006 {4 FH I (TIT) ) 20101 A 1H 150
GB17930-2011 7= < iH(IV)) 20144E 1 H 1 H 50
GB17930-2013 (ZEHRVAH(V)) 201841 A 1 H 10

& 13 HEF FRbBAREEATAE

Table 1.3 The sulfur content standard of diesel fuel in china

brifE AT ] Wi (ppm)
GB252-2000 (%2453 ) 200241 H 1 H 2000
GB/T19147-2003 (ZEH 4 (11)) 2003410 A 1 H 500
GB19147-2009 {4 4L (I1T)) 20114E7H1H 350
GB19147-2013 (4 4L (IV)) 201541 H 1 H 50
GB19147-2013 (Z=FH4&mm(V)) 20184E 1 H 1 H 10
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1.2 SRR LRy 2R

JFo R S R AR R, B R AL AL BB SRR LR AL, HR
KB AANERACY), B Ar s OB e 45 M A DL AL Y stk if 200 . 7E 5
AN T A v, Bl AU P R A R X S8R 2 ) 1 N AN [R] R 08 23 ik oo 9
SR S5 A 5 s P E IA HLBRAR A T2 B R3S AR 2 SRR AL AN 2 34 S5 AL
Yo JEARIRRGALY) L B SRR . BB ALY SR PR . I mA )
SALTEMEYy . IRIFIENY . ORIREYy G AT A . R 1.4 P RS T T Y
ARG HURAL YR J ey 3

& LA ARG TS RBAIHA LR R A2 X

Table 1.4 Typical organosulfur compounds in gasoline and diesel fuel

AT TS e PR
iR R-SH ES @U\

S
Bk R-S-R 312 I @Ur

S
~ B R-SSR' S
ey L S ) 2, 8- LI e
E T O\ 4, 6= 13— 3 I

RIS E R 7 TR AR, C-S LSS, I AL G AR AR
A DMRER 25 1 SE IR, T 2% 8 28040 ) b 0t J5 - A0S L 7R S ey B o B 1
JRALHOEE ), C-S BRECUEWI Y, DRI S it % A A0 I A BB AR AR e S BB .
G T2 FE /] 4 BRI AR (Fluid Catalytic Cracking, FCC) Al
PRI AR LS . T H AR E BT AR AR, 80% L AR & FCC iR, FCC iR



Hatic 5B iDL e I A0S O

BT AT WL ALY 2 B TR . BRlE . ORI By A . Hodh, iy 2R
ALY 5 70%LA b, TBREE . ik F i i & AR D o SR T2 R
SPONEREYEH . FCC S8l AL A A S A T, Sk b BT & i A L
BRAGA A 2 I 5 SRR AL AR 28 3 EWy B A0 40 , 3L o 5T A B A 1 850 LA 1,
BRI B R AL A P 43 TR A HLER I K. TOHUBR BRI« B R #h A b
HINTRETT . AL (FeSy) N, WEIFENEN (ZnS). JHH (PbS).
T (CuFeSy) 5. MFREL £ B A E (CaSO, 2H,0). 41 (BaS0,)+ 2k
(FeSOs 7H,0) % . FHLET EIERRAE. BRlk. BRIy, MEwy RS9 KmifRst". b
A ()l X IR 2 5 22 S K, AN 0.2% 1) s At 5 5 21 8% ) B =i Bt & FE A A 9 AT o
Bk LRE, PEEMRESEILRE . BARREZREE . K, KR (SRE
fiKT 0.5%) & Z B LAAHE N E, mEiiE (EERT 2%) H &b KEs
G N B (21 60-70% ), /D5 N LB (30-40% ), ik & & B AN 25l id 0.2%M,
2R 1.5 Fr7n Ry b 3 B X st p o e B S A A T
A 15 PEHIZREGHAET FHRCERALHBES

Table 1.5 Average sulfur content and distribution of sulfur forms in coal from china

HIX &6 S, d(%) TR S,, d(%) BB LR S, d(%) LR So, d(%)
#dk 270 1.91 0.17 0.62
iy 250 1.39 0.13 0.98
FdL 282 1.14 0.09 1.59
i 216 1.09 0.09 0.98
fiEs 320 1.62 0.12 1.46
JiRg 354 2.69 011 0.74

1.3 BRMBRER TS %

FURT, R B B 5 2 32 B OIS BB AT AR I SR P 2 o AR AR g ik 2 2
CLFE P AT ZERUBAR . AR EVD AR B B RS AR i B 5
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1.3.1 SR

&% (Hydrodesulfurization, HDS) R /EMALFIIAAAE R, SS S8R+
It s B % HaS FITERR B EAL & . INE iR — A £ i (300-450°C)
FE & (3.0-5.0 MPa) T2 2,

I AR B2 el M 2% ARSI BUAR « — 4% B8 AR A HLBRAL P S 2t A7 I S i A
i Chydrogenation desulfurization, HYD); 55—k 458 A WU ALY B 21247 it
(direct desulfurization, DDS) P2, 9 4% it i 2 A 16 it Aot A5 v [ B HEAT - AN IR A0
W AR B EAL TR SR BRT S B 2% A DR E T PSR R A T T — S 2 AR AT . DA 240F

WEW BiA B, AR S M B AR W 1.2 BTk, HYD BUERER AR AR IRmEmy o
SA A TUA I BEWy (tetrahydrodibenzothiophene, THDBT) E{ NE — 2K 3 e Wy
( hexahydrodibenzothiophene, HHDBT ) , %R j5 & i # 15 2 & & 3 & &%
(cyclohexylbenzene, CHB); Ifj DDS #4504 — % Jf: M Wy B2 i i 15 21| A Cbiphenyl,
BP), RIGEMNR BRI Ot &M FERARTT BI B KB Dl it — DA ERIA
%% (Bicyclohexyl, BCH) %1,

\@_O

- H
|:THDBT HHDBT :|

B/ 1.2 — 3k FHEw e AR R %2

Fig. 1.2 Reaction route of desulfurization of dibenzothiophene by HDS

A BRI SRR S AR 22 AR K o 0 T AR B I B B 5 i e A
Yy, BT HBRREEES, 25 SN . X T AR Ry . RS Ry S A
BiAk, DRILER T RO B S ey b o b s R BRI b, o s
WU BR o 1T B, ASIR] B0 55 A AL I BB P A7 7E 2 5 . Nag N. K58 L CoO—
MoOs/c-Al,Os Jyf AL BEATH HLBR LA I A BB, 45 3K A VU AL Y1 n & s et



Hatic 5B iDL e I A0S O

WEYEUT A WEWY > ZRIRMENY > SRZRMEWy > JUSIRZEMEED) > IRIRmEmy P,
Kilanowski D. R.55 FHf CoMo/c~A1,03 1 oAb FITE & I %o F FR 28k (1) — 2R M wy i
AT AR, 45 BRI BRI EIDUY A 2, 8- HEE 2ROF ey >
SIFELY > A-HE IRy > 4, 6- IR ORIy . Wi H, R s E G
Wi BB R A R S X I A BB A A A 4 F ). Egorova ML 7T R MITE
340 CH15 MPa [ P4 AF R, BB X 2547 78 At 2 7™ 4 i) — 2K IR 1wy 7 4, 6-
PR 2R Ry A i U B A 2T

TNV PBLAR PR A 75— Bt B 0 e 4 o A0 P R A i 8 PR I 4 i v 2 0% 2ok
JEF VIIB A VIITES g, widiE4)8 Co. Niv Mo, W fIii & )& Pt. Pd %5, &
F IS B ALOs. ToETLRERRER . TiO2w MO~ kSR« Rk ANy A 20 10
o MERBEI A Z th —onsk 2 n e BIETE A LR ALk, TR BFEER. &F
REIHE TN 2 708 B AT B B R OB E4T 1 #R 3T . 1soda T.55LL#Z T CoMo/AlLO5
A Ru/AlLOs 4 IR A AL 5 CoMo/ALLO3. NiMo/ AlOz. Ru/ Al,Og fi£b 71 7E
X 4, 6 F 3 2 Iy I AU B 03 1, 45 R WA VR A A AL A S v A I &L
WP Lecrenay E.25 (1 5t 2% B NiMo/Al,Os 4L, 4, 6-— FF 3k — ZE FEmEmy & e it
(K13 1 & CoMO/ALLO3 I =1%, JE KT NiMo/Al,O3 B AT B i A th i 1,

ISR A AT ol bR 3 R B SR L2 AR, IR L 2 AETE
VFZ B . B0, st T2 R R R Ry . IR R Ry 20 A R AL BB SR AN
R & 4 B 6 RIHUR AR 2RIy, IR ACRIR 2 . f& Ge i AU i L
SARMEIRAHMCE R (<10 ppm) (il o ERAHK S HRE 1 i, L AR 721
(RN Z6 A, TN S N AU, B R R NI S o IRK S SRR A R R A K
s T E, AN AR I [R] I SR v O R AT, DT 5S8R S e B R K
18, MRl SR DR, TR R R AR A bR, SR AT EURAE Gin
AW L E R BB AR 2 AR L .
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1.3.2 W FRRHR

VR 1 A 8 ) D] 4 R 750 AR o LR A P AT S B PR AT K A
JoRi o 2 B o AR MUBR AL 405 IR B R0 2 RV A FE LB AN [R], BT 43 S 3HE R At
A I RS o P 2 R A 23 3 R B 59 5 LR A P TR OB F 7, A
77, RSEDUBBR AR, W PR A 25 5 o A2 W5 B 0 5 D)2 e it R B 591 45 5 AL
B 2 T F 2 A e B AR A 2 A P S S BBEBRE 0 AR, WRR B 590 90 A= 2 DA TR >4
VR S R PR PO VR B 79 = B DAV PR R MR, 2 10 REIR . B LEL ALOs
ik, Bl LR AR BT ARG SE ATE  A. Lee S. H. D& KT
10 Fl AN [ SR U P M b Rk TR R B B P R0 SR, 5 SR B P R~ 5 1 46 (0 7
1k 5 L PR RS A 5 R ) 4 £ 5 1 ¢ 0 ek SR s R A L RAR 25 5 5 B oy
J2 WA HLEC A B ST EAT R THAB M, B8 VA BRI BB (KRB 771 o Park J. G285 T
A FLEE SBA-15 G Ni 4N K BURLAA IR I 28 (R B A PERE, 45 R E W, Ni 4K
KITE SBA-15 ) f# & 1A H] 30 wt%, X TS & (240 ppmw) FRLEH, s
MR EIES 1.7 mg/g, xRS E (11.7 ppmw) S8, ShASTR 2 Bk 3] 0.47
mg/gi®Y. Etemadi O.25 i 474 A HIF 98 1 T 8 JU R 1 S AL AR AN g K SE AL AR B 1k 1) 36
MR, IR TR AN, 2RR, R T0 e MR M AL AR R TR L gk
SRS PRI T/, BT 5 28 A48 (T PR 2 R 4K A AR R 1.6 1512,
16 G5 TR R PR R B BB B o R T DL SR B — AR G AR, 4R
K, G R B AR S T R TR AR PR B, BN, SR A HLE S R
G FENE R A% . Cychosz K. ASERIFTL T AN [l 43 & A AL SRR R AL & h oA L
BRALA IR B RIS Chang Y. HL 2838 1 4 1 BRI B AR & T 2K JRIEm) 43 1 B I 5
B, T A TSR I 9 R B s AR K fEA B 22,69 mg/gtY.

MR B P E UL TR R AT, ATRIEARER SIS, B BRI g R TE R
k. SnEUBaRAE L, W LA S RSk, R AR 2 IS, Ao i Bkl
SERTA M BEAR . (ER, WRB LR AP 7E —Se o, TR B B 22, TERIRHR Ik
HR AT BUBRE A0 1D DBt 2 R B JE P [ 55 A A 5, DTG S gk e A3 s 5 O 741
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(1P A PR S5 o R SRATE FE 1) B o 25 MR T 5 e W PR v e e A g P 2 O R B 7 o
& 1.6 A~ B IR ] 69 BIH BL AR R

Table 1.6 Desulfurization performance of different adsorbents

Sample Adsorbent System S content S removal Reference
(ppm) (%)

DBT activated Carbon batch 178 95 [35]

thiophene+ BT  zeolites from coal fly ash batch 500 63 [36]

4,6-DMDBT NiMoP/Al,Oz+NaY zeolites fixed Batch 450 56 [37]

4,6-DMDBT Gallium+Y zeolite fixed bed 500 97 [38]

commercial Ni nanoparticles supported on fixed bed 11.7 99 [38]

diesel silica

thiophene Cu-zirconia fixed bed 2000 99 [39]

JP-5 light CuCl and PdCI, supported on fixed bed 841 94 [40]

fraction the MCM-41 and SBA-15

gas oil activated carbon packed bed 300 88 [41]

1.3.3 ZEEUBER

R I L AR A P AT LB A A 1 21— A o A 5 PP A A 1 1 LA Tl AR R
ROV AR 2 PR Ry o B SR 5 70 78 0 TR A, (AR T A LR e A% 2
M BB R B 1. A RS BGA NI 48 4 -RFRL R s —H
FLA . LR BEEASE . PROBSEE S 7 T HIIREAN. AT O, DUHEE . T H BRI AN AEEL
FRHE I AT FCC T DI EI8 70 FOAE BB ROR 45 R R IR T 8K B i 38 AR
I, Otsuki S5 FHmE. —HIEEWA. —HEEH R . 2T Sebry i AR,
G G W R TR 2 S5 80 A T

B 1 CAESRBIR) — SR GEACIGR], — 25 (1 SEAT R0 B A R AN K H
Ko Horh i SUAY R AR B MR . B LA Y B PR AL, AERIR R T 2l
SHIER . B TAARR A ZRRAR. AIRE A A e T IR S nl, B
I N TR B B AR AR A ATk o FE AR AR AT, B A th L 52 B BOR K
ZIIITE . ERer JAEWT T 17 LM rb 2 B VA 10 X A5 2R 3l it RS2 o S0t A B 7 1
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25 SR W8 1 YA o W My RS S W Wy 288 57 e P A0 20 P A T E 70 38 vt S i T R
BESRAL S VIR ELRE T, DR HEWT = TR S AU 2 18] £ 28 I n-n AR AR
o Fi5h, 20 T B 5 5 7 AN 0 2 HANT RS ARSI AR A0 8 1Ak 1- T 2-3-
LK I BRUR Fh A 1- £k -3- P L R 2 B R 6 TRl B it A 1 L F)
BRI, B, — RN T — RIS — B A TR A EUBL AR . Li CL P,
ST U L A DR SV BR A AR BRI A 7 P R R 3Rl o PR BB AL S 5 SRR A
AT, BB IL T 82.82%, 5 RIGH I BFILF] 99.48%, (KILIE
VA A LB 2 1) TR P e 5 80 BRI M1 R B S I )

REUBL AR R0 R 2 S B 2 PR AT REREAR Jo s AR 1 ELX il i XY 3 A
G IR, 8 T ARSI E MR BOR BV 2 8RR AR, ZEBUBLR A AE AN R 2 AL,
B AN 2R PR RRAG A 5 AT I (4 55 B e AE G5 A AR AR AL, AEIURIAE A U SR P 1Y)
(7 IR A5 2 25 RS o WA o B 5 A S I, AT S ¥l i F) i 3 RSS2 D 5 B ) A T 45
PEAEAE I IR R UG, 75 2 5 At A 3 T2 CAn b)) IBC & 0 5 ORI 4% &5 51
R B TR, A BA SR AV B AIE, 2RO A A NS . BRI, RRBTFTH
R NI R AR ORCR s BRSO RRRER . 5 AR R REEGH L.

1.3.4 SBEHR

SE U UL A A FH A 2 SR 7R B At P A 2 S AL T BOR A T P A LR AL 4R
RS RANRSE S AR VE Do, 2 i B o ) A i B ik 25 Bk S s A Ve ot A
1 RFE BRI H 0o AR — B iE AP 3R, BV PR A 1 AL R A S A
Yooy R . ARIEEMTT AR, A RE a7 stz a b A RHE. e
LA AL A AL S S S TR S e S

WA AR T I 2 AN AT, PRI HO20 O A
LR ASE. Horb, HoOp DRIHIABT AT, A AR AR 1 D0 s R 8 FH B 5 i ) 484
e BRI HoOp SRR — IR N VISR RCR, — IR IE H20 S A PR
(WHER . LR BB TR G . All M. FEEREIT T H0p G IR ELZ
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FRXT FCC VR AN SEM AT AR, R ST B G P EAT 2L, 45 R
DL BR A ol B A0 0 R S8R i, S JB AR B TE IR BLIR E Y 50 C A H|
929%1*°1, Al-Shahrani F.4F49M24H (Na;WO4), 30% H,0, 1 2R 4 R ik Ak 14 5
XFEEMIBL B, 45 R IUAE RN Y 70 C, RUSI > T 1 h il 4R TR
TARIFMEWI R 4, 6- T F I TR IF MR AT HUER LA 100963 1k S I K R T AR,
Garcia-Gutierrez J. L.Z #1145 T Mo/y-Al,Os LT,  BL HoOp AL T T~ i i i
2 SR B I Bt v P = e A 7R b i) -G AR B B BRI AR SR A D E S 1
AR 25 7 S 4R s BB AR, FEIR N 333 K RV IR 461 R, T B 583 b B & M
320 ppm P& 10 ppm LA R, Cedeno-Caero L2543 5l LUEAL AR . AAbAk . EAkAl
EAHR . FAEEAEIA G BT — BRI L (V205) AT, 25 R RB I
2R 5 A TR R S5 R AR B 25 B AN AR AE EUABIOC 2R, T AS [R] PR e A 77 A4 6 -1 — 2K - gy
MR RCR O, R mi7 A s > sk > AL > AT E8%
Y > SBA-15. FITA LI A A0 700X AN [m A AL A 420 1 Jot Bt 3 146 I #8- DBT >
4-MDBT > 4,6-DMDBT > BT, &7 H,0,, /B4l S/ =25 FH &AL Hk
T H0p, ARAMESMF R Ly, MR&LHEM, mAER. fHEER, BE
R, Rk R BRI — AN E T, Zhou X. R.ZELLr T AL
£ DBT MR AT AR, %552 T FePc(NO2)sw FePc(NO2)sNH, Fl FePc(NH,), =
Fofu (e A 700X PR B R B, 5 SRR BA, = AR B HE A T 1 IS A FePo(NO)q >
FePc(NO2)sNH2 > FePc(NHz)so LA FePc(NO2)s AfALTI AL EE DBT 4 &M 50 ppm A5
RUBRHT, bR S AR OB S B AR AT AR 4 ppmPY, Zhang J.25 % T — &5
CoPc(Cly, HEALA, VA UAEMA], BT ARG, TR AL A S bRy i
PILAR . &5 SRR, AL IS T A CoPe(Cl)s < CoPc(Cl)s < CoPc(Cl)12 <
CoPc(Cl)1s, LA CoPc(Cl)i NEALTINS, 7EH RS & T, BEAM T DBT 1 LRR T
IEF] 90%, i E Ny 1000 ppm F S BRI BT IS AT R ZE 30 ppmY,

TR 75 ) S T T 8 7 S A 2R i R 7 U DA B v S A B (R B AR BT A o AR
FITJE 0, 8 7 8 e AR A 7 A 3 A N, DR YR Ve ke ST, it s e I R 2 f 7
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T TP A 3eks, AT B o8 S REER 2 o 1 EL, 23 A BRI R R v A = 0 T e i 5
F BB ity PR PR 485, AN T E S I A % v A B K 9 e v )4, G B T RORE I AT
Deshpande A.%5 DL H,0, NEALT, Na,COs AT, TEHE 75 Bh T Bt BR AR 2 i & b
(¥ 4, 6- F B oK JFmEmy, B8 T RONVIRLEE . TR B A 5 S R 2 JB AR
BRI, R, RN, 4, 6- 3 5 IFMEY) 1) £ 5 RIE S 90% LA
1P, Duarte F. AZ57E 20 kHz. 750 W BB B 4HBI T, BL H00 A%EAA, DL B
NEERUR, TR, AR AR Rk 2 99%, SR 55 ik A J B sk R ik ]
75%. SR, TETCHEEFE I 0F T, BRLR I i BT SR 00U 82%, S Br s i 1) it
RRANAT 55%. I Uk WA 7 ) A 2 3 4R AR BB PR B, Mei HE L H,0,
A7, (CeHi7)sNBr Fl H3[P(W35010)a] XH,0 AMEALF, TE 20 kHz 8 S4B T, A
LI i R Y () #5402 AE 1 min. 3 min A1 7 min B 435055 F 85%.95%F1 100%.
T 7E A IR 75 PR 2 AF T, 2R R Wy I AL % E 1 min P 21%, 7 min B
I 800, I Hh 15 I 7 4 B i 3 4 e AR AL B 1 R0 B,

A A S TR A TR I b 2 S R AT P (A HLBRAL A e A IR R S
FHREBH 43 2538 BB A9 H ). Zhao D. S.45 LA 500 W ) FE AT 1E N i, %27
TE A BROK A R Py et A E A I B D) S AL B, 25 R, TE S e v g Mgy 727
W R R OEE RN EY B, FER . SO COp, FEFER KA EJRIR 5 h Jim e
Wi )25 BR300k 2 58.9%, [A] 100 ml ) fe VAR AN 0.15 g Bk A iR bt 74 )i
PR A ) A IS 92.3%: MEWy M ML) 1 R B — R N B 11, RE
FHHON 05047/, Lin FAEHEA T LA P-RUOL/BIVO, NEALF, 4 T AL,
FER WOEHRGT T, F T B bRt A it vh O A IR G HLBR ALY, S5 SRR H, INTFRAE BiVO,
17148 0.03 wt% Pt 1 0.01 wt% RuO; it AT SRAF AR iy (1 fi AL S M, ZE SR IS 36 A T
W3 1) %% A % T DA 3] 99%: S Jis M Wy 45 S AL SO T L H iE LR (Electron
Paramagnetic Resonance, ESR) X AL A Rk AT TR, RO ELIR R P P=E
TIEEE R, Robertson J.45414% T TiOo/Z2 i 4K a4 7], I TabBE &
TIRIEMEW R R, T E AR TiO, Ak 5T P25 HEAT L. 45 BEE, 7E 300
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nm B, G E AL T BT R R RO R B, TTE 245 nm B BT — 40 B %
o A IS o B S (0 SR P 400 FE T TR B, St o B B T PR 10 ppm LR P,
FEL A, 25 R A S0 P 3 3 . 2 S A58 e o PO ML A 2 A g v A e v 0 R
SRR, AT I BT (6 H 0o S0 S5 A AR 1 2 AL A BHE BT A%
W%, $13 Po/PbO, [f12 FLE A MRME NFER, Ce(NOs)s KR IE AN HfF, TN B
H, Ce®" Ak Ce', 1331 Ce™ KK i i P I BRAL ) S84k 20 3 T K I B T 25
GERFW, ERREKIET, HARGIE M I BT ERIA S 55%, T im 245 DL
Pb/PbO, A1 ZnO HIZFLE G MBI AR, WA IR, 5T AF 28R S AN [F] TR
55 Eh S A S VR R AR M . B AUAE SRR, TEARRRIR R, HoSO4 R R
BB, OB R ATIE 23% /0 47 fEMPE Rk R o, H2SO4+MnSO, A
HNOg+Ce(NOs)s [ it i ik 452 e .,

E AR NN AR ks o7 NS P 2 =TI R S € /NG & = G [ SN R T I
Liu W, Y. A5 BF 57 45 25— pA A AL vl ot o RO BRIEE  nt Tk R Iy S A I R, 4 SRR,
S5 B TR T 2R S R [ 5 e AR R I R R, (EIRJEN-85 T, BilE. i
Bk TEDY KB ATTHIR S IR BLBR AL 40 3 h 99%. 80%. 79%. F1 88%°%,

T LT MG TARE R RE . S B BR OO0 AR SN AR A, e/
THAER ST AR, BT AR 2 PG 800k BB BB A8 I B 1 2 0 S v o DA 2 ok
2RI RGN, 7T LAER L Goin S AR AR 78, LASE I S (R B 5t 1«
SEAL AR AN 2 0T 1 PO M JE T SO, 3 G T e S e B PR AR . DRI, S B At 2
— IR A R AT S R B AR o (E, H AT, AR BORIE AR AE — S 0], 1 4n
SRR R EAR R, TEEALMS P E BRI FR, 2SR iR E &,
ST O R T PRI AR AR BUCR MR B AN i, W R A P K 4 B A
WIS, BB AL E A M1 [ ot 2 B b i) Feph i A &1, #8225 ik
mlf TR FAh, AR BE G A T 1, I S B IR SR K
gt — 5 B R AR R
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# 1.7 B &AL AR A BLAL M Ak

Table 1.7 Desulfurization performance of different oxidation processes

Process Sample Reagent S content S removal Reference
(ppm) (%)
Oxidation- DBT H,0, + activated carbon 800 99 [61]
Adsorption
Oxidation DBT CYHPO + W/D152 400 99 [62]
Oxidation BTs H,0O, + amphiphilic catalyst 500 98 [63]
Oxidation DBT+4,6-D Na,WO, + 30% H,0, 500 100 [64]
MDBT + CH;COOH
Oxidation DBTs H,0, + V,05 500 99 [65]
based catalysts
Oxidation- DBT t-BUOOH + 174 97 [66]
Adsorption HPWA-SBA-15
Radiation Crude Oil — 3000 90 [67]
Oxidation
Ultrasound DBT H,0, + MoO4/Al,04 1000 98 [68]
Oxidation
Electrochemical  Gasoline CeO,/C based anode 310 83 [69]
Oxidation
1.3.5 £HIBRR

G 2 3 T R e T A B R AR A TSR S BRI R R O 2R =
LA LR AL AT Do A8 o 5 RO B IR B s, S EBCH MU A 4 C-C #REL C-S B
i, TR BB ATH) H . 2 BRI ARAN ), AP AR ] o AR AR g ot Y
Kodama #%42F1 LABRAR B H 0 [ 4S #8545 . Kodama 2428 i 840 A5 F A A AL AL 4
i R— C-C BRI, MTTTIA BUBLAR 1 B (0, JCIHORER X ZRER B C-C el
Kl 1.3 Fros o R IR MEW i) Kodama Mt AiEs At . Wi s, — R BEmr i) Kodama flii
B LB R RRERKIE =P RA R . R85 3-Fak-2- R 3 - 2 F
BEWy (3-hydroxy-2-formyl-benzothiophene, HFBT) FIAERRR (pyruvic acid, PA). 4S
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BAR sl S e FEE R AL TR i C-S B R AEWT . Z FrLIFR N “4S7, RN
A AR AL P IR ik AR R AE R DU A5 B ) A T14 )5 « S (sulfoxide) — ikl (sulfone)— Ik
T2 6 (sulfinate) — Bz 2 (sulfate) . 18] 1.4 Fion K JFIEMY [ 4S g2 . — %

P 22 5 U = g:@

DBT

o PA
OH *

Possible further H /
oxidative metabolism “Ho, /

HFBT

B 1.3 =% #"E% 4y Kodama iizsk 20

Fig. 1.3 Kodama enzymatic pathway of dibenzothiophene

—ap—&O_aO__ob.

//\\

Dibenzothiophene D:benzothlophene Dibenzothiophene Hydroxyphenyl benzene Hydroxybiphenyl
sulfoxide sulfone sulfonate

B 14 =R Rty 4S Blrs szl
Fig. 1.4 The “4s’ pathway for the biological desulfurization of dibenzothiophene

FFIEWS ) 4S MR AT T B FEIUAELL R RN (1) R ey A4y — 2R F
WEWY AR ; (2) 2R IFIENT AR AL R IR (3) R I My R Al 0 ik
Walies (4) LRSS FE /K AR 1S B JE e R B R Ak s R R £ 17 7). 15 Kodama #4%
L, 4S R BRER AR AR BNE R FR T AU ERIBRoC R, A MR YTk
HHBAWAIN, RIIk, 4S AR E AR XS AN B S SR R/, B8 B T N A .

Kodama %1241 4S g4l m T2 AL IBRTERE . 54k, AL R R & v] s A vik
JE RN FECARAY LK C-S SR, MmSEBBG. %41, desulfovibrio
desulfuricans B it AR RR — R IFmEmy LIAR, SR HoSUPe Kim H. Y28
desulfovibrio desulfuricans M6 JX 42 1 Je& &b A TR it oty o 1A I Iy 0 — 8 JFIge wy, &5
R, FRIFBEWY A R I MENS B 22 BR AR IAF] 96% AT 42%, L XA MY
ST R R IR E L AR T SR HoSUT . A 45 i kit T 2k B8 T IR R AT
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NT B LRI, —Lemg BRI FH SR ik T 25 Sk 1 vl A e LA T A
Li F. L.ZR B —Fhsie i g #4054 J& Mycobacterium goodii X7B &b BRI 5y, 7E 40 T
I, AbFR 24 h SRR 5 R AR S L 200 ppm P& 2 ppm, AbFE 48 h i scfR E
% 2 & A 3600 ppm [& % 1478 ppml™8. & 1.8 it 7 A R AR W i Bt B 12k B

% 1.8 7R R B 4 04 LA A

Table 1.8 Desulfurization performance of different microorganisms

Sample Microorganism System Scontent (ppm)  Sremoval (%)  Reference

DBT+4,6- Mycobacterium sp. batch 92 100 [79]

DMDBT  ZD-19

DBT Rhodococcus erythropolis  batch 100 80 [80]
IGTS8

DBTs Gordonia  alkanivorans batch 100 63 [81]
strain 1B

DBTs Bacillus subtilis WU-S2B  batch 100 50 [82]

DBTs Mycobacterium phlei batch 150 99 [83]
WU-F1

DBT Rhodococcus sp. strain batch 1000 75 [84]
P32C1

DBT Rhodococcus erythropolis  interface 184 90 [85]
ATCC 53968 bioreactor

DBT Mycobacterium sp. X7B batch 535 86 [86]

DBT Microbacterium  strain  batch 36 94 [87]
ZD-M2

DBT Pseudomonas stutzeri  batch 500 74 [88]
UP-1

Gas oil Sphingomonas subarctica fermentor 280 94 [89]
T7b

DBT Bacterium, strain  batch 100 77 [90]
RIPI-22

Diesel Pseudomonas delafieldii fermenter 591 47 [91]
R-8
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TIRAE) ZORWTZ, R GUHME AYESRFRE 5 Rt A A= 0 AR 11 70 85 DRI MESE o TR
AR FORHE AR, & il PR AP A, vt PR RE A 2R W) B 3 DA = AR W
B, FHREF BOMK 2 B T7 kAT IH

1.3.6 & ALBR R

FEREAb AR /2 48 TERR L AL AR AE T, 3 AR A B &4 5 1R v s I
BEATIERAL SRS, AE A R AR AR, SR R P9 o 2 0 T 2 AR DA 2 Bk R vk
FERAL Y . AEWy 55 IR B Al S R, an il 1.5 Bras, WEWy 13k mij2 84 °C,
M HbeFe b P24 3-C 3L ey (3-hexylthiophene) [ Ak 221 °C, HIIE 2408
A] DMRZE 5 e e 134T 4 B0 B il A R B S 5 TE N FCC RIMHEEAT AT
B olefinic alkylation of thiophenic sulfur (OATS) £ R . & 1.6 iz A OATS MR K
EHTIALEE . OATS JSLEE B i 3 B =/ . Wy BRAL Y TE OATS S 45 s
R BAT e S S RE, BT F IR A AL 773 id BFs. AICIs. ZnClp B¢ SbCls fi#7E
fE. EAGEREREAER BHITS. FCC VRMA i Rb S5, HENZIMEEZME, H st
B 2 MVEL I & B oy, AR A 2 W BB E iR, 1T & B4 70 75 4k 2R3 A0
Sbimi. ik OATS B, MiBRALZR AL E] 99.5%, i FLefE UL FFAE 2 AN fr. i
TR, — LI R MR AL AR R SR SR T b A R . AR G T — i Brdnsted
Mk B8 A [SO3H-CeHa-CHo-mim ] HSO4 Al T4 FCC Vi ke &b AT, 76 [ S iR
JENT5 °C, BTBIAHEN 10%, —JakeHEN 3%, A2 hja FCC IR &
1 186 ppm F£ % 90 ppm, BiERACRILF] 51.6%%, fe/N LG R T — R 5 IR
B ALTT] HPW/Fes04@Si0z, FH T HEALMENY 55 1- 3745 2H A A58 B3y 5 A7 e B4k
BEBR, 7EIRIEN 160 C, S 2 h JoEw 5 AL 3RIA 5 85.5%, AL ATAEEAE Y,

18



Hatic 5B iDL e I A0S O

ry +/\/\/--»@N\/

Thiophene 1-hexene 3-hexylthiophene

B 15 K b Ok AR

Fig. 1.5 Alkylation of thiophene with 1-hexene

S-free stream

—

FCC
~————pp Pretreatment P OATS reactor P Distillator

S-rich stream
Y

Hydrotreater

S-free stream

—

K 1.6 OATS #4342 12
Fig. 1.6 Schematic diagram of the OATS process
BEBEA AR B AT SR Sk AR AT, B AR S D, BRI . B,
BeieAl AR A E — S5k 5, A R S Ry TRAL ) S RV R B, 2 5 05 & e R,
PR DR AR IEAE, DT REI I b 55 s e B 5 ROBR AL W 7 Wik N U B
B, TR0 B CH il A s s A RE SRR, 3605 4R R
PR S4h, AR BB R A G A i A R i — P

13.7 BiEAR IR

BB AL RS 2 5 S W Bl AN R AL, i LR A A AL
EVIRE RS BUIEREA R, TEIR SR 4y R ZHEZN T, S A PR L)
MIHK . B 17 o m AR s & . BT, 2@ A i i 2
N =B IR: (D) PR A WU A YDIE SRR TR RN . 3R (2)
B R T A A HLBRAC D CE R A BB 1 238 (3) & B S it 1A WL Ak i it
TACHE R SEBUBL P, AT S5 00 B
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B 1.7 % & AR A2 & B )
Fig. 1.7 Schematic diagram of the pervaporation process
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EEIER . VN BEAMRMEREM A R BN R R E SR T RBEEE. Hal, piE
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(PDMS). EEEWZ (P, R " (PEG). MANL-LHZMLIES . Minhas M. S.
SEFISE/K ) PVP KT FCC ImagE AT s, B8 TR BB AR, Qi R, B.2&HI
#% | PDMS/PAN &5, FIT AL BE S wemy A0 2-F R ey (A R0 i, 455K, Tt
R IR s E e R, PR R BB I R . EIR N 30 T, R
MR T 2- F SEIE WY 1) 955E B B 20 08 1.5 A 1.4 kgl(m?hy, TG40 R0 5N 4.9
R 2.5, FRontmEmy ) 26 0 e T 2- PR ey 7, Wang L. H.Z8 14 7 P1ARGRRI,
T R0 B IE B Jor A 0y 4 A (B R 3 &, 45 SRR WA, 7E 40-70 C 20, BEEAORT 4
I F7E 3.12-2.24 2 [i], B EAE 0.56~1.68 kg/(mP-h)2 (6%, 1 4 s Ml o ik
RE, JEHEI A BT RS IR A A R MR AE . Lin L. G4 & TR L ZFF
S FH T MRS AT, 30 o 5 Ik e A S S (1 i i P RE RS A e B, g SRR,
GRS JG 15R B EAR  ARR F K R i, LR RIS BR FCC VM AR & 4.
IRl 31 313 7.31 A1 3.05, 1M HL2 2, — WAL #E5 500 h (5256 bk i (R Rp AR e B
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Fig. 1.8 Technical route of this dissertation
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I BHE AR, FHE 7R E A HERmESE . mEmESR . R dh R el Eh 8455, BlE
TEEA AICI, . Cl'. Br. I'. NO3. BFy. PFs. CF:COO . CF3S03 . (CF3S02);N
A5 B TR LT ZEVRAR . ARasE PEAL SR e VEST L R AT R AT BT S A
CH 2 RN T ARG B R A A O o IR, TR AR AE A B A 1 R A
ZRHORZ 5. Zhang S. G2 1- 2, 3&-3-F LK M Y S HI R £k (EMIMTBFS)
1- 7] 25 -3- F B K 1 S 5 R R (BMIMTPRg) Al 1- 77 5k -3- 5k ok e DU 55 B 1R 5
(BMIM™BF,) A T AL AN S il ity () B Ak, 245 SR 22 B BMIM™PFg Al BMIM™BF, 1) it it
PEREZLLF T EMIMTBFRS, 1 UM X 4 R BRAL A0 (1 I 678 P R 2 47 T AR R IR 2B A0 )
U291 Gao H. S.4HIMENESRES Tk N-T LML ne VIR MIR tE (BPy'BF, ). N-CuEi
WEDU IR+ (HPY'BFs). N-R:utng VU iliig#h (OPy'BFs ) M Tiidn i, 45
SR B BH BT 25 W AR /N K BEEUPE RE A IR (RIS, =P 88— VU T 26 BB e Ay
BPY BF, < HPy'BF4 < OPY"BF4, T & 1A AN [ A4 4 (e FR LU gy < oK
JEMEWy < TARIRMEWYY . B B TR RE BUD SRR AE S R R AR . B
T AR AU A L R G AR R, ORI m AR AR . Lo WL H.AF LA 1-T
J-3- FRIE DR e 7S U IR 5 (BMIM T PFg ) AT 1- T -3 A i ke U gL R £ (BMIM ™ BF )
NEERGH, BA H202 1 CHaCOOH 48 A, 38 ik A% M -4 A TG 1512 o A 1 A0 52 o i
Wi, S5 REH, UUH BMIMPRe XA M AEHUBLAR, BB RN 47%, 1
M A — AR A, BT it B B AR A B 99% o FHAS X — S8 AL I BV Ab P S B
WA, BRSE M 8040 ppm FEMKE] 1300 ppmitY, Zhu W. &40 45 A I &4
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Hatic 5B iDL e I A0S B AR IR R A R A A

([WO(02), Phen H,0]) FIEHTER &Y ([MoO(02), Phen]) [l fE 1-T 3E-3-H I
KP4 DU SR 5 (Bmim™BF, ) 1-2¢FE-3- 1 ZE KL PU SR 2 (Omim™BF, ). 1-7T
J-3- FJE R I N U I 45 ( Bmim PR ) Rl 1-3 56-3- HY JE DK e /S SR B IR £ (Omim*PFg )
B b, R TR SR, S5 R, DRI B IR AU AR, AR AL
N 12.2-22.0%, 30 wt % H,Op FHE TR IR & 15 FH IR, AT 314 2 30.0-63.0%, FR 1M,
4 H,0,. [WO(02), Phen H,0]F1 Bmim BF, B &5 I, B At &k ik 3] 98.6%11%7,

H B AT, SE I AR A A VE AT SR AFAE M m R R . (HE, BT REH
EACTI B A, ARSI E N RIS, A P s mE &
Y, MRt o s T H, i A A AU AL M A 9 MEBRATARS B 25, B
PR ALY B SR o AR — R BB, 08 5 80 R BCE e>: 5 4k, AR
(A= R T ARA R A, 35 A Bt L TR

NaBH, i J& BB S B 26 IR A, AN B0k i o 52 il P B ARG ) 2208 T
BTG , A NBREA AR E . Forp 1B S AP T EE T R i P D
WIS, AT 2 b il BCRE . B BAREI = AL A 2 R A A 2. (R, %
TR — A Ak P E AR AR VP 2 B8, AR FE L NaBH, 38 JR i A% 4 Ak
R, B TR R T 5 NaBH, 38 J5 AT 7 k46 Ak, 4R 38 R e
EMBR T, TR, DA IR B I — A I I AR TR R

FEREFARER T, FEFBHEH A —J7 M, NaBH, 2B JFH], #58
TR, 0 AICILEL BFy BIE T HIE TWA, 25 NaBHg S, & B T VRAA AT

NaBH; HI4iik, B, XRE FRAAE S H AR —GERRALRE: 5 —J5m,
NaBH, 5% 25 /2 5 il % Wl 1L 82 (4NaBH, + 2 Ni(OAc), + 9H,0 — Ni,B + 3H3;BO; +
4Na(OAC) + 12.5H,) FI/KfEF=AiE S (NaBH, + H,O — NaBO, + Hy), #B 5 Zi
FIEA (A1 H0), Bk, e SRS FRAAR TR . EmEE 5 AP
VIR AE EL R, SR AR %, T SRS FLE BB TR AN E & Tz e
Zra Ul bartr, AWTFRHiE A 1-T R -1-H AR b = R R ([Campyr][OTD
TEN B TR, I8 I 2 B30 SR I A V2 A R S5 e/ 1A T JB e o
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Hatic 5B iDL e I A0S B AR IR R A R A A

2.2 SEHEERSY

22188 RFSE|

AT ol TR A S R R R 1Y) 2- FR A Ty RIS ey T IE 2 B P AR, B A RN
500 ppmw. S BRI E A E A A A AL TR A IR A RIS, BRE =N 406
ppmw. 5 B TR AR [Campyr][OTFI M g AL 22 A IR AR IHE (950 J6/1009) .
ARSI BT A R BRI R 2.0 Fios . A E S B (6 A 1) 32 AN AR a3k 2.2 o

& 21 KF R £ FKHA
Table 2.1 Chemical reagents used in this chapter

AL BR S F G
- T e (rtirat) BTz T R A R 2 )
1-FEmE s Be (2 #r4k) BTz T R A PR 2 )
SRR (2 Hrat) By iz Tl A PR ]
2-HIBEMEWy (7 Hiral) BTz T R A PR 2 )
FIFmEwy (73 Hrat) BTz T 1R A PR 2 ]
1Bk (93 Hrt) By iz Tl PR ]
MREACH (93 Hr4E) I 244 A1 A 22 1A R 22 )
FAER (NICly6H,0, 4r#r4d) I 2454 HH AL A A R ]

R 22 KEEHBITA EZEME
Table 2.2 Experimental Instruments used in this chapter

TR e PR
7 KF (AB204-N) MR -FE R 2 (Rl AIRAF
Wi (85-2) N E A 2R TR A W
A TM (DZF-6050) g R ER AT
SAHERE{C (GC-2010) Shimadzu, HZA
BRE S HTC (Antek 9000) Antek, [H
e RO (L4 (2487) Waters, FE[H
LRI G4 (Avance 111 400 MHz) Bruker, Fit:
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Hatic 5B iDL e I A0S B AR IR R A R A A

2.2.2 BFBAE[Cimpyr][OTHHE R

O
+
: ’ '0—%;— CF;

N

Mo

B/ 2.1 & T i&tk[C,mpyr][OTT89 5 F 444
Fig. 2.1 Molecular structure of the IL [C;mpyr] [OTT]

SRR RIE, [Campyr][OTAMI G AT N B -/ T H S 1-H 4
WLk o S LA A5 AL 1T J-1- R E SRS AR I U 1- T 2E-1- kg 5 =
S R B 2 1) 4% [Campyr ][O, 11 % 19 [Campyr] [OTHAE B 25 F 146 h 14 12
/N o [Campyr][OTH 2> F25 M W 2.1 Fram o adad Bl L 4R 4500) i il 2% 11
[Campyr][OTHIBEAT 7 081 . PSSR R RS IR1E BRI AN 2.6 2.7 F1 2.8 P AHXS N
(A% L LR B 40 R . "TH-NMR (400 MHz, 298 k) &y (ppm): 3.39-3.32 (4H, m),
3.21-3.17 (2H, m), 2.91 (3H, s), 2.08 (4H, s), 1.63 (2H, m), 1.26 (2H, m), and 0.84 (3H, 1);
3C—NMR (100 MHz, 298 k) 8¢ (ppm): 63.98 (s), 63.28 (s), 47.74 (s), 25.12 (s), 21.15 (s),
19.24 (s) and 12.83 (s); ""F-NMR(376 MHz, 298 k) &y (ppm): 79.03 (3F, s). IERiILHRILE
PRI A0 5 A 2 ST RO e — S g T 19

2.2.3 PRERsCIe

1] S N AR I AR AR B Byt . B TWRAR S NaBH,, fTIFRET I3RS, i
FEIL b, R, 1A OB s G AR A T INEC 1 45 1) NIC L 2KV FTInART NiClp AT
IKITE T AR B ERER. A KB LR # 2/ FiR (10 -30 C) =k it
170 NS HA, W BREIBEATIENE, BOEBUN LR AR E m S . B AR
it S K h

@xm% (2-1)

1

Desulfurization efficiency(wt%) =
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Hatic 5B iDL e I A0S B AR IR R A R A A

oy, TSy U aail i rR RS &, TS i Jm i i o A B2 A

224 BFRENEE

WA 2.2.3 75 P i bt S 56 45 A » X S NER S I EEAT I IE, JECR RN IL + Hy0
M IINEERRRRZR K, BEHE L bl e, BE, REWn )z, LmBaEm—E Nk
AL BT T R, R RN B UK. R SFEAT 0, BRI
YRR VI 3 U5 28 TR DA 257K 70 o V3 28 VRS R T TRUAAE LS R AR b R
12 /N, BR8] T i

225 Ak

2251 ERARPRSENNE

KA AHGIEI (Gas Chromatography, GC) Il 5& A& Ry i OB & B, AR (i
AR 4% & K H B A % ( Flamee Tonization Detector, FID #a 28, 4145+ DB-FFAP
(0.25 mm %30 m). BEFE IR N 340 C, KSR E AN 250 C, HRFEEF AL
15 ‘C/min fI#Z M 100 C % 250 C, #EFEESH 1 L.

2.25.2 ZFRRMPERSENE
KRR AT (Sulfur-Nitrogen Analyzer) I 5E SEBRIS I IR & & .

2.2.53 BFRIEESSRRAME DA R R

K RO 654X (High Performance Liquid Chromatography, HPLC) X} %1
VA PRI ) S5 B VR T - VR AR AR I VR AT 93T o 1 S0 € B A I 6 8 0 — W] DA
Mg Ky 200 nm, C-18 %, JitahAHy 80/20 HIEE//K, it Jy 1.0 mL/min.
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Hatic 5B iDL e I A0S B AR IR R A R A A

2.25.4 BFHRE[C.mpyr][OTAMSE 9 HR

K G AR I 1% 4 (Nuclear Magnetic Resonance, NMR) 5t 4 i (11 [Campyr] [OTf]
LERIBAT 3T 3 RIS I [Campyr] [OTT 9 'HL PC. F 1.

2.3 ZRG1TR

2.3.1 NaBH/#% (B/S) BEE/REZEXIRIRIZE AN

100

\
i

&

&80t / /

c

2 i

(]

£ 70}

7] |

c

o 60

T

E —m—B/S molar ratio = 3

=) 50 - —#=—B/S molar ratio = 6

=] I —4&—B/S molar ratio =9

9 a0t —w—B/S molar ratio = 12

o | —&—B/S molar ratio = 15
30 1 L 1 1 N 1

i 1 1
10 20 30 40 50 60
Reaction time (min)

K 2.2 BIS & REMBLHKF G H 0 (R FM: NS ERFE=3, & FTirheKE=5%, &%
T iR =3)
Fig. 2.2 Effect of B/S molar ratio on desulfurization efficiency

FEBAS AR, NaBHy RATXUEAEM . —J71H, NaBH, 5 NiCly S5 BAil % NiB
(4NaBH, + 2NiCl; + 9H,0 —Ni,B + 3H3BO3 + 4NaCl + 12.5H,); 7 —J71H, NaBH,4
KA LA A KB iR Sl (NaBH, + H20 — NaBO; + Hy (H*)). LA EFAN T2
JE ML AR RE 5 SEILI R BN 2o AL, 5% NaBHq R X i Bt R0 A2 S R
WAHDBER. K 22 sy BIS BE/RFX BRAEKIW .. BT, XTEER
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Hatic 5B iDL e I A0S B AR IR R A R A A

B/S JE/REE, R AIUA I B 5N I ) (R I iR b i, 2 B B A S
T 255 B s SN2 I TR PR B i %, e i TAeoE . 9 —J7 L, T3 — e IR
RifsFa], BEBRRBCRBEA BIS BE/R S A IO H G . B, 762 50 min
i, 4 B/S BE/RFR=3 i, BFIERN 84.1%, M4 B/S BE/RFK=9 i, BARRNY
TNE 97.2%. 2811, 24 B/S FE/RFHE— DNkt 9 i, AR AR A4 i AN B &
DRI, FF JE BRI R S 56 BIS JBEIR SRAEDH E N 9.

2.3.2 NiCl/T& (Ni/S) BE/RZFEXBETRIE R

(o]
o
 —

—s—W/0
—@— Ni/S molar ratio =1
—é&— Ni/S molar ratio = 2
—7— Ni/S molar ratio =3

60 |

50 |

—— Ni/S molar ratio =4
—>— Ni/S molar ratio =5

30 1 n 1 " 1 " 1 n 1 " 1
10 20 30 40 50 60

Reaction time (min)

40 |

Desulfurization efficiency (wt %)

B 2.3Ni/S B REMAXEN 0 (R K4 BISERE=9, B TRKEGKE=5%, H/H
F i kAR =3)
Fig. 2.3 Effect of Ni/S molar ratio on desulfurization efficiency
WHETHTIE, NiCl FI{EH /2 5 NaBH4 S Rifi £ NiBo NiCl, K A&/, e MA:
R NiB A, BB NiCL IS 2, RBABIZ R NiB %t
BRABCRTCRME, &R AIR P . [ 2.3 Fom oy NS BEZR 2% B B s . el 1
R, AEBRETIN NICL I, BB RCRARFE R A NiCly Ja, iR E 7R
RIS X TAERM NS BEIRER, WA 2R B B S S TR P 38 o o Jake it
w MRS, OB [R5 =W eE , ST RRE . Ak, X
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Hatic 5B iDL e I A0S B AR IR R A R A A

T I B OB TR, AR SR BEE NI/S BE/R RIS It igdid . B, 78
JRZE [E] 4 50 min B, 4 Ni/S BE/RZE =1 I, BLEREEN 79.5%, 124 Ni/S FE/R#E =3
I, BER RGNS 97.2%. BEE Ni/S BE/RFE#— P mE il 3 i, Bismsee
RGN . R, 755 22 1B S48 i Ni/S BER e #5HffE 3.

233 BT RS KENRRH RN

—
o
o

\
\
/

/

Desulfurization efficiency (wt %)
n [e)] ~J Co
o o o o
1 M 1 M 1 M 1 M

i
(e}
T T

2 3 4 5 &5 7

Water content in IL (%)
B 2.4 & T iRtk e REMBLAKEN A (R FMH: B/SERFE=9, NI/SERE=3, HHT

R ARL=3)
Fig. 2.4 Effect of water content in IL on desulfurization efficiency

FEIN B T AR B R S B R o JE A . — 7, X NaBH, HIZKA#
(NaBH; + H,O0 — NaBO; + H) Al Ni;B il % (4NaBH,4 + 2NiCl, + 9H,0 —Ni;B +
3H3BO3 + 4NaCl + 12.5Hp) K4, I& [ T (W1 H0) MAF LR A ZIY, B
TWARNEH — WK & M5 —J5m, B0 TR & K &2 A LA
BB 5 R Z TR P 3 C 2R 5131, T BRI 88 - A X e b o LB A e K
Waed), XHFEBBRAEERIREC. B, SRR S /K BN E A — R
K 2.4 Flros N 5 WA S KB IR R A2 i . (AT, BiloE B 1 U S K &R
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Hatic 5B iDL e I A0S B AR IR R A R A A

BN, BB ACR SEIZHTIE N, IR JE SRR 75 & TS K BN 5%, i i ik
FIER| B KA

2.3.4 /BT R XTBRRER R R0

100

2 990

>‘ 80 [~

Q

5 !

g or

Y b

‘@

e 60

8

= L

S 50k —a—oilfIL volume ratio =5
E —s—oll/IL volume ratio =4
= [ —&— 0il/IL volume ratio =3
a 40 —g— oil/IL volume ratio =2
8 3 —g— oil/IL volume ratio =1

30 1 1 n L " 1 A 1 " 1

10 20 30 40 50 60
Reaction time (min)
B 2.5 i/ & T iR A AT LA R M %o (R & fF: BIS BRFE=9, NiIISERE=3, &F
RS K E =5%)
Fig. 2.5 Effect of oil/IL volume ratio on desulfurization efficiency

H B A 5 o TRV ), AR ONAR R P T P AR, BRI S AR
PRFR 3 e B R [N AR 2R W o iR A% 356 o 1 2.5 BT 7 it 85 A AR R B 6 i it R
R BT, RSB Y SN A], B T AR LR e, R
AR B E R, B, 76BN 50 min B, 247/ PR AL =5 &, i
BRALZ N 82.1%, T 43/ B FIRARARRR L =3 I, I A3 i 97.2%. XA RE
PSR AR R B 08 T el i oy R Sl A R LB AL ) B ZEHCRE 7, AT £ e e AR R
oM H, A TR E KB BT, IR TR AR 2 N 1
SREAA Z TR R KB, 3X AT A T NaBH4 7K AT NioB il £, T2 s B 2%
SR, BEAE B TR AR RR EE B3t — Pl AR T 3 I, AR RCR A8 AN B &
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Hatic 5B iDL e I A0S B AR IR R A R A A

I, s /TR R L B 3.
235 BFikixSRiRRmEERRYE

5 SR TR i TR AR B R R R AR A o DR DN A B MR AE T
LA S0 2 NP A P D) P o R A 3 o o YA Xt P AL (R 4l i 3 RS
G&, SCmARRTh AL, 0 H S TRAATR S A ROTR, ARG Fe 08 NOy, F
RN B i e [z, 35 i i £ B A s A B v, U e A
K 3G e S BCRE ORI R, T, Rl R R R AR 2 H

N T 25 ST IRAAAE SE BRIV T VR A, AT T — 0 B T IR AT SRR
MR G LB AR S VMR L TSR R, LIS B 1 U (1 SEBRYTMAE A, 2R
e 38 3 e RO € B ASORT 45 (8 B AR T R SE BRI R i BEAT 0 A7, S B TR
AR TKVE VR B o SO £ 1% P AT LA, T 2 1 TV 75 VA T s Biti oo &5
ORI 5 A 1A LN ) S Bt R VRURE € 0 B o 50 1 R e A AE o X ]
BT AA[Campyr [OT £ SEFRIT I 1 LT o ¥ o

3T SR BRI A R T R I R . R R 4l
BR, B S SERROM BT IR G, A SRR B TR T IR B, AR R R
SEBRITIMAEAT 1 S A R, SRR AR TR AT BB, A TS AR
BT B AR R o SEIG A SRR WY S PRI AE B TR TR R EZT 0 4.5 wit%.

2.3.6 BFRIEREYFIA

BT BT I B B, —Fh B IR R 75 8 5 T A o= S HAA I R AR
MRE, Pow TI%E FIRIRTE PR TN A & & A . fEART S, FHER
Bk 52K G, BR 2R BRIl 5 e e 2818 2 34 TG DA S RN SOR)
Mo BARRSEFRARASEN 224 k. N7 HEERMSELBETERESS
B IR (1 25 1 R AR AR Ak, TR PR AR 3O TR 46 8 YR T P A B AR 1 25 4
AT M. 12,64 2.7 FI 2.8 Fs 435I G UG B8 F IR R AR B AR TH, B, F
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Hatic 5B iDL e I A0S B AR IR R A R A A

REREIER TS . B BT, PR B FIRAR TH, °C, PR AR IRE 5 I 4A B TR A
O PR P T LT — S o IR AR B T AR A5 M BB R AR AT AR AL, B A
AR K AR A & T B0 TR R 5 AR A .

ppm
B 2.6 R4 5 F itk B A & F ik ty H A # AR

Fig. 2.6 "H NMR spectra of original and recycled ILs

Qriginal IL ‘ I

Recycled IL

” 1 "

0 10 20 30 40 50 60 70
ppm

B 2.7 B4k 3 F i kAo B A BT itk 09 BC Ba 2 3kt

Fig. 2.7 **C NMR spectra of original and recycled ILs
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i AR — 4 J5 B AR 1 A 25 LA

il

B

Hatic 5B iDL e I A0S

Recycled IL

Original IL

-160 -120 -80 -40

-200

ppm

g. 2.8 "F NMR spectra of original and recycled ILs

Fi

B 2.8 Bds & Figthfe B A BT ikt °F B3Rk

o o Q o o
(o8] [{e) =T (Y]
(% ) A 1449 uonezunyNsag

3, &F

B/S &R %&=9, Ni/lSER%E

R BT LB 0 %ot (RO 5t

Laa)

B 29 & T iRtk

50 min)

3, R ufiE

of ILs on desulfurization efficiency

N T G BT IRARIRIA S R BO HL B vE e A5 m, XA 22 I
PR B TR I BRBCREAT 1255 . Wi 2.9 B, & TR AE0E A —00 M

Ko KE=5%, /% TiRKKmk
ig. 2.9 Effect of recycle runs

i

7]

U7,

o

TEPEIAEH 8 R, MRBR R M 97 2%F% (K3 94.3%. R

TR A

(ul

AR A



Hatic 5B iDL e I A0S B AR IR R A R A A

PEAHEN, 36 ol U B 8 P AT 10 S D) A AE I bt A R A i R v, AN R S ) 2 S B0
TWAAERCE AP SR,  AITT 51 R B R R A A

2.3.7 EFRAHAIRR

FEARMT T, X TR — 38 JR 1B A R N T S Pri o BBt i 1k e B BEAT 1B 5%
2.10 Pron sk BRI A BB RSCR B 18] (A AL 2. b BRI AR
I8 S N2 I T 8 R B e, BN — BN TR, B AR e B W TR . R
B 50 min J&, BRI AT T, TAF] 93.3%. STBRIA I A Ak 38 b B A] R AR A
5 SEAA PR ALY LR K AR A S R A — 2 (AN 18] 2.2, 2.3 Fio ). (H SR
d ARG SRR R AR R R R R AT T B AR o X AT BE A2 T SE B T 5 R o B

A%, TR A A B AL B B S R BT IRRI S5 R T3 h, 1245 RS AR
(BT T AEAEE (I BAACATERD U2, BEBR AR T BRI .

100
90 - /
so L /

ol /
60 |

50 F

40|

30 F

Desulfurization efficiency (wt %)

20 1 " 1 " 1 n 1 " 1 " 1
10 20 30 40 50 60

Reaction time (min)

B 2.10 B R BTSRRI EBLAR A EM R (R &4 BIS BERFE=9, Ni/S ER%E=3, F
BARS K E=5%, &/HFikikintk=3)

Fig. 2.10 Effect of reaction time on desulfurization efficiency for the desulfurization of real gasoline
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Hatic 5B iDL e I A0S B AR IR R A R A A

24 KRG

A TN i it A 30 DR P RAL 40 S L2 A R S A R AR R REREAT T B R SR
ZORRY, BRAERRN RN BIS BE/RF =9, Ni/SEE/RE=3, ETHAEGKE=
5%, /BT IARAEFRL =3, [MEE=50 min, FEULSRAET, AR & R IR 2R
L) 97.2%, SERRIRIMIN AR R AL N 93.3%. BT IRAA[Campyr] [OTfIAE S bRy i
JUF-TCHE A, 10 SEBRCHAE BS TR AR R EE 200 4.5 wittoo Sl X RE LIRS 5L ds
B IR AN B AR A AT T b, AERERW, HRIGE AL, BA
B TRARAE G LA AT A A . T, FAR 1 U B B O B e
BRI K, B R O™ A R B A
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Hatic 5B iDL e I A0S EoE TR Ce TN Y TR I R S I P

BZE mmEN—LFEERINIEEHDF

2

3.1 BY

it

T 26 6T Yol vt A B o PR ) S I 2 8 AR B A A M REEAT T 5 AR
117, 297 G R A I SR —IE IR it £, 3047 1R 2 ) AU 2L k. ldn, 3l
at o AT HLER AL WD O Jm B 1A A2 LA L Bt B 1 e 28 3L LA A 8 5
FAAE? M) NaBH, FIEREE SR ALy 1A A7 BRI DL BRI, 75 200 AR
— I JE A A LR EAT IR FIE 7

AR TN A B340 JU Bt it R AL BEAN R AT LR AL W ) FBe i PR R AT 5 52 IR AR
R C T — B R P SO Bt i (RS e et 2B AT 20 A, DA S AT WLBRL AL 0 1 B
AR o XA [RI R B AT SR A B BB A R HEAT 1 5 5 I SO R SO T AR B S
KBRS REAT 70 B, DA e SERR S 2 i e, o B & s AR E Bl . A IS
TR VA B B AR B 7 AR B % K IR R AR SR TT IR BEAT M DA RE A I
PV R A Bk AR o RIS, X AEHR— b R i B i R PR 3 77 242047 5 2R

3.2 sSEIERS

3218 KFSNE

Ry it T I A A 2- PRy . SRR IRy . 3-FRIESR IRy . ORJREYy . 4, 6-
TSR TRy oh ) — Ml LR T IR S e TP R T, B 09 500 ppmwe. SE
BRV I S S B S il el R DA A B A AL TR A PR A WAL, B RN 406
ppmw F1 458 ppmw. #5505 T IRAR[Campyr][OTAM _EiERGE A AR AT E,
SroNBE], R 2.2.2 77, ARSLIGEHE RGN anER 2.1 Ps. S
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Hatic 5B iDL e I A0S EoE TR Ce TN Y TR I R S I P

SRR 3.1 N ARFE SIS AT H 4> EEANER R 2.2 Fos, 55 55 HAth o B Acds
mn# 3.2 i,
%31 ATEEBA A EBRA

Table 3.1 Chemical reagents used in this chapter

B 48 PR B R TR
3-HIBE R IFmEy (S HTal) Ber iz T PR A ]
TIORIRmEEY (Al By iz T PR ]
4,6-— IR R IFmERY (S Hral) BTz T a7 PR A ]
LR (Ni(OAC), 4H,0, 4y #irdt) [l 2454 [P 27 A PR 24 )
FRERER (NiSO, 6H,0, 2:Hr4l) 5] 244 HE AR PR 7]
THAERAR (Ni(NO3), 6H,0, 43#rat) I 24 B A0 22 A BR A ]

R I2AFERITNELEME

Table 3.2 Experimental instruments used in this chapter

NE R Y G R C

SAR S — S A (7890A-5975C) Agilent, %[
AT — KOIEL RIS (Ge-2010) Shimadzu, H7A
PR 5 55 B AR 5T 1 A (7500A) Agilent, [

3.2.2 B

[6) S5 7 8 AR YOI NS RS Bl SE BRad . BT, NaBHa, FTHFRE St PEds, i
PEILAM b, 1] B L 348 2% 05 P VRS I ) e PR AR ER KV, TN R 8 R K 1) 2 75
FFGr RIS HER o SR8 vh BT AR I AU T S AR VR O AT WU - BT TR Ot e i
IR R (10 -30C) =& F#AT. RMNEAHRE, SHRPIBEPEATEIE. T
JEAREIRUTIE (P FHERRVE ARG BT U RS =M, 328 E & HH,
FERBEE R (OP1) , FENIL + H0 M. [ IL + HyO FHH IS4 FR
MZTRAK, BRI s, S E, REWE, BN — Ak e S il
(KA (COP2) , NENES IR KGR . F e 0 88, 8 TR K 7
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IS 2R LA BR K 70 ARV ZR RIS, A —SEHORTE (P2) A, IR
T JE BB T IRAE LS TR A T 48 12 /i, BT BB AR . 45 209 B G Tl
MVEME AT IR S BT, AR A (2-1) 5.

w
\S]
H
B

3.23 S¥AEE

3231 HRmmPRSENNE

FHASAH G (Gas Chromatography, GC) il & A5 Ry i R & B, A (it
ASCHE #%  KCHE H B RS 2% C Flame lonization Detector, FID #6:3 #% ), 40 %k DB-FFAP
(0.25 mm <30 m), HEFECHREES 340 C, KRS 250 C, FERFHRET LA
15 °C/min fH %M 100 ‘CFHEZE 300 C, #FER M 1 uL.

3.2.32 {RE AT YRREE =I5

KA AH O — FREEE A (Gas Chromatography-Mass Spectrometer, GC-MS)
o Ry it B FS B R AT A AT

i 4644 DB-5MS B4 FE(30 m x<0.25 mm x0.25 pm), SN, TEN
1 mL/min. #EFEHRERN 270 °C, HEFRFEF : 60 CHR¥ES5 min, AR50 20 C
Imin ({33 ZE M 60 CTHEZ 300 C, ikt~ 200:1, #FEEHN 0.1 pl.

JREAE: El B, B REAEEAN 70 eV, B TIRIREN 230 C, PURATIRE
150 °C, A5 2, S B Y 20-400 amu, A4 A A E M4BT R T NIST 2011
PR R R

3.2.3.3 KBRS P AINTE LD

K A % — KOGk BRI 2% (Gas Chromatography-Flame Photometric
Detection, GC-FPD) X it it 5l J5 ¥ 5 b 53 7 Fir &8 HLBRAL I dEAT 43 7
3% 4644 : DB-5MS 4% F:(30 m x0.32 mm x0.25 pm) . HERE LR EE 5 300 °C,
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HIETHEAER AN: LL5 C/min f3EZEM 50 CHHEZRE 300 ‘C. ikt 20:1, #EFe
N 1ul.

3.2.34 LRRBMPHRSENNE

KR M (Sulfur-Nitrogen Analyzer) & SZBR I TR & & .

3.2.3.5 KB TSR E

NaOH 7K I 775 W AT YRR [ AT FA) 85 5~ VB /K T P A S e i P PP i 5
FivE (GBIT 16, 489-1996) 47l &

5t
>
N
=

3.2.3.6 KiBdBPTESES

K H RO A 45 B8 PR B 4. CInductively Coupled Plasma-Mass Spectrometer,
ICP-MS) WITEYTIE PL A P2 (TR H Sy By Ni & &

3.3 ZRGITR

3.3.1 FARBHFILIH BT

T b AT HUBRAL VIR SRAR 2 o AN IR i Bt 7 v DS st it s B AN [, ol e e P 32 1)
T A FAURIAS T, TR AS [F G LAY RS VA AR RO ZE 7 o fldn, AR 5E R
BB — 1552 A HUBR A6 T HUAR 3 () o BEL B ey s RT3, B0 = 38252 37 BEL L P B
BT AL LA A2 6 3 LB AL 20 - G5 A8 _E BRI B A7 AR 0 Bt S 36 18— R F) 22 1) B
i AT PEL e Jse L 37k 1 420 Jor i S JE 3 T AT o Bt e I, 388 SR A8 P A1 T oK
2 B0 T TR RS HUE 0 3= B A2y BRIy FA 2 St AR TR, S
TR NaBH, 38 SR G A e R A o, PRIk, 25 Sz i fitad RE Xt AN A AL
Frn AP %) R % A A A s Y
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Oy WV R — € B 2E 3R 18 Wy ( Benzothiophene , BT ). 3- F J& 2§ Jf g8 wy
(3-methylbenzothiophene, 3-MBT). —Z&J{HW; (Dibenzothiophene, DBT). 4, 6-
TR 2R IREWY  (4,6-dimethyldibenzothiophene, 4,6-DMDBT) T 1E ki, M)
R PUFRR & 5509 500 ppmw HRE R o FEAH [F] SN 25 A1 N #EAT IR B A 8. [ 3.1
Fros NAS AT A LR AL ) I B R0 o T WL, 4, 6 FF 3 — 2R Iy 16 i At &%
FLITAR T HE =R A B - 3-HIHE R IR ey IR R B T 4, 6-  HIE oK
TRy, (AR T 2R MRy M oAy o T A R MRy R A Ry F) i B 5 ) LT A
o DUMSE R ALY BB VE PRI Jy: R IFmEy (R JREMERY ) > 3-HIFE AT

WELY > 4, 6- L TORIFMELY . bRl HERT, LB S5 b B 1 B A
B AR R A BRI R, BIAE B —3d J5 B BRE XS AN A LR AL 0 F) o Bt 1 3= 22
AT LR AL AR, R 7 B2

100 F
3? 90
= 80|
Q0 L
g 70}
o I
g o0r
g °0r
® 40}
E L —a—BT
2 30_' —s—3.MBT
7 20 —e—DBT
Q N —7—4,6-DMDBT
o 4ot
0- i 1 i 1 i 1 i 1 i 1 i 1
0 10 20 30 40 50 60

Time (min)
B 3.1 RKFEey, 3-FEARAEy, KRy, 4,6-=F X KB BLAKE (R4
B/S & R % =09, Ni(OAC),/S & R%=3, BT iHKEKE=5%, m/HTRHEKLRL=3)

Fig. 3.1 Desulfurization efficiency of BT, 3-MBT, DBT and 4, 6-DMDBT
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3.32 REANKRLYNREEE

S RVE MR E B 2- B Ry (2-Methylthiophene, 2-MT ). 2 Jf & wy
(Benzothiophene, BT) T-1E=¢kid, Bofil e & &4 500 ppmw AL s, 64T
Pt B SNz o R FHASORE €0l — Joi i BB FH SO I I J PRI TRY 3it t BE AT 70 A, DT E & A58
RN SOBEER A% o 1 3.2 BT/ oA 2R ity ot F At /= PR B8 im e i o e P T
G, R NLER ALY 2- B I oy RO O E Wy AR S ) 7 ) 3 S A IR b
(n-pentane). Jxil-2-%M (trans—2-pentene). JIa-2-)% (cis—2-pentene), /D&
() 1- 4% (l-pentene). 1, 3- % =4 (1,3-pentadiene) . 2— H 3 U 5 e Wy
(2-methyltetrahydrothiophene, 2-MTHT). £k (ethylbenzene, EB), #4b, i&FH
/B 2 FR RE Ry I 2R TR Wy Bk B

©
m
& W
2 8
—
= Em <
o CC
@ PRI
S [22d%
& |8 290
- %ogf\ll
g DFD'_E'QQ
_g C‘_RQ% —
1 Sek
Q =
e
2 C o=
e [1}] 1
o D'_TN
[} o /‘ =
o« s i
- \
1 1 1 L

Retention time (min)

B 3.2 BA G 2-F Rk Ao R AR BB N E BT REER (R &#:BIS B RE=9,
Ni/S & RE=3, BT RSB KE=5%, wb/HFiRhhRL=3, K E=50min)
Fig. 3.2 Total ion chromatogram of model sulfides 2-methylthiophene and benzothiophene after
desulfurization
ST AR SR (K R 40430, BT DI Tt A5 R A LB A 420 2- BRI 3 AR S Iy
BB R S B B A2 . an B 3.3 P, 2R E Wy B B AR A 3 E 4 i AR (Direct
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Desulfurization, DDS) K5I, Mimi 51832 358, T 2-F FEMEmy (1 B 28 B 9 2% IR
RIFRAZSRI . — SRR LERAT Ny 2-H R ENy 1 Se 2 kA S W A9 31 1, 3- I, RE
LA R 1R 2- 0, P B ERBIE e SR RN 2-
FH L Ey 1 S 4 A4k (Hydrogenation, HYD) 7531 2-F JE PO MEWS , AR i 22 B b i by
FUS3) 1- 08 2-1%0 07, PR — P AR B IE R

1,3-Pentadiene
0‘}' M\ 1-Pentene
VaVa\

O\ A VAVAN
oM % O\ / VA YN n-Pentane
S 2-Pentene
2-MTHT

DDS (jA
| ——
5/
BT EB

B 3.3 A FAY 2-F ARy Fa R IR B RS 512
Fig. 3.3 Reaction routes of model sulfides 2-methylthiophene and benzothiophene

VR — € B 4, 6- W TIORIRmEEmy T OESE e, B kR i D 500 ppmw i
BRI, BEAT MO SR . 18] 3.4 FT oA 4, 6- FEE R IRy AR 5 ) e B TR
WG HEIATAL, 4, 6- HIEE IR RMELY IR S B ) 1 AR 3, 3T R (3,
3~ dimethylbiphenyl, 3, 3=DMBP ) . 3, 3= — H J} I ¥ ¥ © % (3,
3~dimethylcyclohexylbenzene, 3, 3-DMCHB), &1 4, 6-— HIF IS — K FFBEW; (4,
6-dimethyltetrahydrodibenzothiophene, 4, 6-DM-TH-DBT) Fi1 4, 6- - FH L /XA K Ff
Wy (4, 6-dimethylhexahydrodibenzothiophene, 4, 6-DM-HHDBT ). A4b, B4 #5 &Jx
LF 4, 6-— F Rk TR MEN R

MRAEAR S SOk (AR E, TT AR 4, 6-— F Ik 2R I ey O B 4 S
L BUAL. 18 3.5 Fros oy 4, 6- HEE IR IEmy (O BUAR S N g4 . IR, — 2%
RBLEEAE N 4, 6- R TRy B R A IR B W ARAS B 3, 3T HAERRECE, R4
ST R 3, 3= IR Ol T — SR RBLERAR Y 4, 6- — FIEE TR s
SRR 4, 6- " HIEEPUA 2K M A 4, 6-— HENE IR IEEYy, SRS & mhn B
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Wi 515 3 3, 3= F AR ELBF Ukt
TIAh, MR AL AR gk e ) A s SRR, il R A LR AL R A
AR FAC BV SR B2 7 s, DRI, REEC—E SR AR A 2 b il R

3,3'-DMCHB
\

3,3-DMBP 4,6-DMTHDBT

\ A 4,6-DMHHDBT / /5,6~DMDBT
12 14 16 18 20 22
Retention time (min)

Relative abundance (%)

B 3.4 AN 4, 6-—F R _XKFENBAEHERTFREER (&4 BISERE=9,
Ni/S B RE=3, T iRAKEKS=5%, H/%TFirAKEML=3, K& =50min)

Fig. 3.4 Total ion chromatogram of model sulfide 4, 6-dimethyldibenzothiophene after desulfurization

y\.

3,3'-DMBP

4,6-DMTHDBT  4,6-DMHHDBT

B’ 3.5 A G 4, 6-= F K K FEepy BLELR N $12

Fig. 3.5 Reaction route of model sulfide 4, 6-dimethyldibenzothiophene

3.3.3 SEBREC R FERT F BRI 47

N T HBESLBRSEM R, s A AR L. AHE 7@ GC-FPD
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SXoF JBE AR 1T J5 1D SR S R B AL AT 3T o ] 3.6 P DA S 46 S 5 B S5 S )
GC-FPD %18 . mEI A A, RS MR, EESH R RTEILY
(benzothiophenes, BTs) 1A JfMEWy ity (dibenzothiophenes, DBTs). M4
FuBR S S 5 A LR AP ) D B 2. D305 o 3K 3 Bl o RS Y — 38 J K i AT DA B 5
RS T BT B KRB - ALY . (B2, Hi BT A, A AR, E
TJe TR Iy SRR AR A I, 70k B AR R, I B R ey SRR AL M
JIt 53 AR R 5 TN Y

DBTs

BTs

Intensity

iAo

N

Original diesel fuel

Desulfurized diesel fuel

10 15 20 25 30 35 40 45 50
Retention time (min)

K 3.6 R4EE M EBLAG R B GC-FPD £ B (AL &4: BIS ERE=9, NilSERE=3, %
F itk A KB =5%, &% FikikRARL=3, &t =50min)

Fig. 3.6 GC-FPD chromatograms of original real diesel fuel and desulfurized real diesel fuel
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3.3.4 AS[EIREL X AR RO

AT, BRI 2 5 NaBH, S il % NiBo #R1M, NioB 3R 2544 5
KA il 77 30, e 2 P s Y B AR 5k AT I ARAT B 3 DT oG & o ARFEAHORHIE SR W,
TEPC BRI R M AAE =R, B, SRMmmEate. Hep, UL
SR A HUBRLAL 0 10 Pl Bt AR o S P AS (R B s A A, P 4 AP B R
T =B R 5 B EEBIANTED, AT SE M A SR A BRI RE . AL, 25 AN [R) AR 2R AT
Ao i B AR 1 S R AR A B

100

__TNi(OAc),
NiCl,
E=SINisO,
(I Ni(NO,),

80 |-

60 -

40 |

20

Desuifurization efficiency (%)

A R

L

A - R R TRTRYY

Ty
G e

A IHHHTHTHIN

O

N\

2 7 .

) I
3-MBT DBT 4,6-DMDBT

o u

m
-

B 3.7 AR BAAENGHm (RS FM4: BISERE=9, NI/SERE=3, &TFiRHKsK
¥ =5%, &/ FigtkikiRb=3, K & E =50 min)
Fig. 3.7 Effect of different nickel salts on desulfurization efficiency

Gr AR BRIy . 3-FBRIRIR Ry . ORIRENy L 4, 6- T HIIE TORF
WEWy TR fid, s YRR R & #3400 500 ppmw IR S . 2 A BL NiClo.
Ni(OAC)2. NiSOs. Ni(NO3), TEAER SRR IR, BEAT BB N o A A B B4k P 1)
BRI 3.7 Fion. BERT%T, B NiCly 1 Ni(OAC), 1E 8k SR AT IR AR I, & 15 8 i
WA AR E, T EL Ni(NOs), 1E R ERRTIRARET, MR RCR 8K, AR
OB AL BB A RN 8 NiCl2 (Ni(OAC)2) > NiSO4 > Ni(NOg)z. A 4f AH
KHFERM, L NiCl F1 Ni(OAC), 1E AR Eh AT IRRRT, Bl 419 NiB FIR I HAH
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Z (NI, T IR R A LB A B R B . DR, AR I
S5 G SR A MR — B

3.3.5 REFH

AT B PR R0 SR BRI R IO, XA HLIRAG A TR B B S A AT
A, LK NaBHa. 8 #h%55 R M) I I R U S AT B 52 WL . (R, AR
FOH DL 2-F R IEY . 2R BRGNS AR, T T IR 3 b IR 2 5 500 ppmw
(ORIl i, HEAT BRBR SRS, SRS 43 N S 8 J5 A9 B AR DR F= 4 HEAT TG R 0 M7, LA
ST A5 IR N B R A T2 o BRAL S A R SN S, BB AR A B 97.2%. RV
AR A K Sy By Ni TR S & A OP2 1 S & BN 3.3 fin. HE
3.3 AN, KA BRER AR IME =NaOH /KB S & & + B8 Pl d/KIE R+ S &
DUE PLIOTHE AR S B +HIMAH OP2 H S & =1.22 +7.19 + 1.47 + 0.24 = 10.12 mg.
SRIM, EBRRBR IS = BT (Wto%) > Ji S B 2 B (ppmw) > JHT &5 (o)
= 97.2% %500 x10° x21000 mg = 10.21 mg. &R, MM ERHR A IE 5 HAt 5 (E 2
BRI W H, JUPRH R IBR L, STIEASE (B NaOH /KiEHRH S*
FIES PRI S0 BB SR ERAL 0 Ni JLF#H F 774 NiB (RPYTiE PL
(I AR R NTD o 1T K 20 19 NaBH4 FH T 7K A 7= A v L CRITTE P2 BB AR H B,
/NS NaBHg 5 NiClp s Bifhi] % NiB (RIYTIE P2 MR B). H4t, Kk
L2 TR G AT A > B S B BR B T B A CEhAE OP2 HH AR o

% 33 Bkt LEAE AN OP2 ¥ AL A%

Table 3.3 Elements content of aqueous solutions and S content of OP2

S (mg) B (mg) Ni (mg)
NaOH aqueous solution 1.22 (S%)
IL aqueous solution 7.19 (%)
digestion solution of P1 1.47 9.44 57.58
digestion solution of P2 22.38 0.11
OP2 0.24
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3.3.6 &R

BT UL BRI g R, WP e R R AR AR L. ] 3.8 PR
NER—ICJFEAE AR mERT, eI AR A 5 AP ER:
(L) i AN A ZEBLE] 1L+ Ho0 AH
(2)1E IL + H,0 #H, NaBH4 588 # S Bz £ NioB (LA NiCl, #y4], 4ANaBH4 + 2NiCl;,
+ 9H,0 —Ni;B + 3H3BO; + 4NaCl + 12.5H,);
(3) NaBHq KfEr=A i S (NaBHg + H,0 — NaBO, + Hy (H*));
(4) 1E NioB A H*[SLFEEAH T, #AEEE] 1L + Ho0 AH A A ML AL i
JSLHE AR R A L R BR AN B AN B
(5) HHUBR AR 5 72 4 B S A0 A iR [ 23 AH
KT B, (4), CA MR CERN LT TR AR 722 128 3 3 ik
(R0, AR BRI PR LR 4 P 3.9 s, 15, 7F NaBH, 548 3 s B il #5164
ke, TR B B TR REE T B, BT R E BRI
SRJG, 1% IR AARBE TR R NaBH, 7K MR A [ v SRR g LR AL &4 -
MR 7o TR, WL TERR R TR 13 T S 2 HEE 7 s — g &b =4,
AR S (R =R A LR Ak AP ROBR R BT 2L, A= At B Bk S AL A R AL
T2 2] it At 1) H T

Organosulfur

Hydrocarbons
compounds
) (Oil phase)
(5) (IL + H,0 phase)
If
2?;:23:‘1: S ) B Hydrocarbons + Sulfides

Ni,B H,(H*)

Nict\2 @)/
NaBH,

A 38 FR—iLRITARLR

Fig. 3.8 Schematic illustration for the extraction-reductive process
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& s
%@eo@ —> @©
©

B 3.9 ANALARBLALAL I

Fig. 3.9 Possible mechanism of desulfurization with nickel boride

337 BRI HE

— iRy 2SI AR N S S N B ) R 5T R I AR AR T,
St T A L — 3 Ji e aod e T A B R A 7 S B Ve ) RS Bl ) S B AT T
82N T SRR (R BLAR S5l J3%, DA 2- FR Gy | R EE gy N B AR AL,
VAT 1E 2 Jo o ) R 7 B 500 ppmw FRIREEY il ik o 14 3.2.2 5 0 BRE AT AR S
W58 ANTR] S SER ] 2-FR SRy AR Ry 1R 2B . ARG, AREE 2-FR By ARt
WEWY ) B, BCE AN [FI IR HE S LR, R SEARR R K A IR 430 77 2 2R

o Fle 1R, -In(L-x)=kt;

StFE 1.5 J B, (1-x)°-1=kt;

Xt FHE 2 N, x(1-x)*=kt;

Forf, x Oy 2-FE MY BRI E Y H 25 B, t S BIAN [A], K A Ui 2 4L
B SR FL TR LB Sy 2k B 3.10 Fias. BRI, JEiR s 2- F BEEy iE 2
DRIFIENY , N [ SN 20 AR B PR O ZR UM A0 2 B TR e e I8 20 80 S8 0 T sk /)~ £
Blhn, ZFRIFMEm X 1. 1.5 K& 2 JURMHIF S R EME 73959 0.99357. 0.88062 K
0.70397. 4fEUE Mk 1 GBIl 2-FF By FIZR IEEEWy I A X REUE Semy . BRI,
2- FF 5 IRy R R Wy (0 I SR S BE R Sl 1 RN 1% . —TJ7TH, AE 3.10
AT, 0 T B E 1R S L, 248 Wy I T 5 2 14 2 038 56 o 0TS T 2- Y e
N3 JE AL S5z I FF) 2 LT 4 5 A, 3 Tt B R R By (1 J Bt v A v T 2- P R IRy o Xt —
BAUEM T 3.3.1 AR IS, RIRE IR S5 R 1 RS (R ML AL 1 B i

54



Hatic 5B iDL e I A0S W= =3 JR i R A LEE e 3 775

==
20
B

2]

T2 A LG L HATE AP 1

6

= benzothiophene
o 2-methylthiophene

4r _ R’=0.99357 ;
n=1
o

R’=0.99849

-In(1-x)

R’=0.88062 .

(1 _x)_O-S —_ 1

4+ o

o R’=0.95755

140 |
120 |

100

R’=0.70397

x(1-x)™

R’=0.85561

5
I 1 I 1 i L i L
0 10 20 30 40 50 60

Reaction time (min)

K 3.10 2-F A Eop Fo K Bop (9 BLAR R L 3 71 5 (RORL 5 F: BIS & RF=9, Ni/S & RF=3,

4

BT RS K E=5%, /& TRKKARL=3)

Fig. 3.10 Different reaction orders for the desulfurization kinetics of 2-MT and BT
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AT H SRR R K R N B 1%, DUSRBRIRMI R BCE (%) 5 RN ]
(O $%#E 1 ZRM-In(L-x)=kt B2 X R, FehlshiFths. B 3.11 frshskhs
VM BB — R VBN F1 % . R A, — R N B 7 5 B B A OE R AL
(0.99688), [Alitt, by i 04 LA ot 2t B A i 1) 5 1 — R B B0 D 5 AR & o

4
3k
n
X
- 2F
£
' R*=0.99688
1 _
0 i 1 i 1 i 1 i 1 i 1 i 1
0 10 20 30 40 50 60

Reaction time (min)

B 311 FiRAmBLAE—BRENNF (R E&M4: BISERE=9, NiISERFE=3, HTR&HAE
AKE=5%, h/HFiRAKIRIRIL=3)

Fig. 3.11 pseudo-first-order kinetics plots for the desulfurization of real gasoline

3.4 KEE

A T A B — 30 SR Bt I R AL K S N Bl g 23R AT T 2 S X AN [R] AR
AU RO B3t 0 45 R R B, AT LB P JBe Bt PR NP Dy = 2R I8y ( — 2R IF Iy )>
3-FSL IRy > 4, 6-—F Ik 2R FR Iy, Ul AR IR —I4 J5 e i 6 AN R AT LA AL
S 1 T S A LR BRSO 7 LA 1 o R P ORE €  — Jo % B P 300
2- LY . ZRIFMELY AT 4, 6-— F 5 R R () Bl ™= M0 EAT 0 A B E 1 AR
FRL AP o Bt B S A, 1T L, 0 A &5 SRR W ik s o (0 AL BREA G 00 Bt it s A A e
WA SR B 2] 7 s, AR A, PRI, R R AR A 2 K
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Pk b ith R . 85T GC-FPD 4 Bt 1 5 S bR S il K BRAG A 23 i 4 R B, SR
J5, SEBREE R A AU A BB o S [ AR BRI 6 R Ay -
NiCl, (Ni(OAC)2) > NiSO4 > Ni(NO3),. I X s o i F2 7= A () &% /K B R R e &R & &4
Brab R, GBI ERLRR BT L TR # L ST IITERARAE, R 3h4e
AL NI JLF#0 T 724 NioB, K380 1 NaBH Fl /K i 7= AR PR 4L, /N8 43 1) NaBH,
HTF5 NiCly SRl 4% NipB o I8 I X A5 80 G A 1 A S R v IR IR SL Bl 1) 255 5%, 31
% WL Bt 470 R0 SEZ R Y £ S0t 5 2 #4 e A R A Y — 2 B0 2
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Hatic 5B iDL e I A0S SEVUE i NaBH, 148 J5 BT — AL 2 AR IR 26 A

BME i NaBH, ERERHE—BUEFFETEFAFML

4.1 BIS

FERTPIE 1, NaBH, fE 4B EEH TR . Ha2, NaBHs g &Hot, K
BN T SEBREA B, A RO I B 2 A, X DASEI T A B o AR AH OGSk
(1338, NaBH, AT LA NaBO, i Hi Ak 2430 J5i ] 4 40251 f5ify1, Cooper H. B. H.H
B, L BECR BB EE A BAIRAL KL,  HLAE NaBO, i & T NaBH, H
PRI T m AR Sanli AL EZEHT Ag Fa A FELAR NaBO, ¥4 Wi il % NaBH,, il
W EIR 22355 T NaBO, #4k N NaBH, FUIEF G, HiE i Sk iiese 74H
NaBH, £ M0, L2238 5 NaBO, il % NaBH, ) ¥ 1 ¥ 1146151,

Bit: BOy +6H,0+8e —BH, +80H  E1/2=-1.24V (vs. SHE) (4-1)

FH#%: 4 OH -4 € — 2 H,O + 0,1 E1p=1.229V (vs. SHE)  (4-2)
MR BOs + 2H,0 — BHy + 2 0,1 (4-3)

FHSESCHR ¥ NaBO, fill 4 NaBH, 172 (1 SRk F) 558047 1 4Bt 99, g | 8y
T IR UE R B . AR AR B AR A AR AR A E, UM NaBO, il % NaBH,
IR (BOy (ag) +2 HyO (1) — BHy (aq) +2 Oy (g)) SN 35 ) 2 pR HUAE 23 )
N: AHn® = 767.77 ki/mol, AS® = 305.56 k/(mol-K), AGy® = 663.94 kd/mol. HitH
ZEPLEI I, NaBO; ffill % NaBH4 i FRMIAGR® >0, XK MIi% K MAEFREIRES T & ARk
H AT K. SR, 308 I Ty F A e RO AR A BB SEIWE 2 AH O SRR T i
NaBO, fill % NaBHg i f2 (KR AT MEREAT T HAS /0% 199, Aol I 7 745 A 1 b B 5
AR RN (AG = 2FB), WH T ZRMERWEMAEE, S4REW, KA
[F1) a[BO2 Va[BH4], HEANAHGHE IS B AR, AT USSR B AG <0, RIE I fti i
R D AR S i O N AT LA, X AERR BIERA T A 538 R NaBO, il % NaBH,4 il 15
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& RENE LI .

NaBO, & NaBHg4 [I7Kf# =4 (NaBH4 + H,0 — NaBO, + Hy). fF NaBH, & J5 it
Bd R, NaBH, KB B S R R ER,  [RIRF =42 NaBO, @Il =4 . W AL Re i@
R AL AR R NaBH, /K= A1) NaBO, Bl =¥k NaBH4, SRJ5, #itE
NaBH, 3 HE iz FH Tk R ik 7% , fnkt J& i &2 46, wh o] LSEI NaBH, A FI A .
FT M, ABFFAE NaBH, 38 R BB AN NaBH, AL 22 AR B LLSR, 78 SR i i Bt
(RITRIIS, A 383 NaBH, 75 DAEFAFI A, AT R R BEARAE JE B i 2 . D9S3 NaBH,
IR JE AR G Tl Ak B4 5 ST

HHLAL Ik R NaBO, il NaBH4 H HLAR SOB AT AT, BOo s FER Al EAIE J5 N
BHy . #AT, TEIBIAAEINTE Ry, BT A HERAE R, i U BO, M AFEIR
AR E, 530 NaBO, #4b A NaBH, [K17= 3R EBIC,  IX 0K 5400 J5 252 1A IR Bt B 2
K, BF, AN T RE LA R NaBO, #i] % NaBH, [RI#EL 3, 18 TAE st b
Tk e, RITE A PR b5 5 A o 1 1 fok e fL 55 308 1 b FELF o 224 17 T4
PRt ot ) ik o Bl B, LA BOL B R 51 3 AR s R, 1 1) A AR
JINAE ik e B, R 5] 30 AR AR R TE 1 BO L RIIE RN BH o IXFEA B IE IR
A, TR AL IR IR NaBO, il % NaBH, AL, H)e, (HA3EERE, 7
A B A e 0 T ) fk e B 55 30 e ik B RR OB, RPTEREAT BO, B AL EIE R R
NAIXT BOo HEATWR 5] B E, #T & SR (2H,0 + 2e° — Hat + 20H) AT 48 5 M (40H
- 4¢ — 2H,0 + O,1) WA AIERD KA. Bk, N7 b s S A U B 1 %
A, FERHAARE R FE DR EHE RN TEEHR. BWENA

(boron-doped diamond, BDD ) 75 Ha A} A& —Fh L 2R 1) 2L A 58 s 22 5 T LN, L
HAGZEE DAs 3V BL L, T H, B BAE SRS, M iEttem. ot
TS R A S R, A TR I G I A R r A R A B B R
TAEHAR.

LA VA LA b, AWEFE NaBH, & J5 BLGR A NaBH, FLL % FEARBR A LR, DUB
B < P SR PR AR A Dy A A, il ko i R LR, 5L NaBH,4 i& SR i — itk
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FRARE, SRR RIS S AT B . AR A ) [ S AR > NaBH, 15
MR, AR RBEC AR 2, S NaBH, 348 J5 it i 1) “Colb A B8 5 LAt

4.2 KRRy

421 78, AFISE

AR TR ety it S 3V AR B K Y 3- FR R - Iy A1 2R Ry T 1E e rh 14, Bl
FrEN 493 ppmw. SERREET B B G EEA AL TR B BR A TSR, BRA RN
458 ppmw. AESZIGHTH EERFIINER 4.1 Fom. AU A0 B g
4.2 R

% 41 AFERBATR £ BEA

Table 4.1 Chemical reagents used in this chapter

W 44 PR R A G
3-HIELAIFmEy (3 Hrat) BTz T R A PR 2 )
TRIFMENy (Al Bir iz T A PR ]
IESELE (3 A2l BTz T 1R A B2 ]
fwilERES (NaBO,4H,0, 4r#fral) I 244 A1 A 22 1A R 22 )
SALEE (NICly6H,0, Jr#frat) ] 2455 AL A A PR ]

A2 KFEFERITR L B2NE

Table 4.2 Experimental Instruments used in this chapter

DE XY E R PR
LT RF (AB204-N) MR -FER 24088 (i) HIRAF
WET B bES: (85-2) N E A2 PR A
HAL 2 TR, (PGSTAT30) i AR}
HALEE TR (CHI832b) R4, i
SHERE (GC-2010) Shimadzu, HA
RAE ML (Antek 9000) Antek, 3 [H
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4.2.2 BERAERB R &

B S W0 A 7 e A ph A R A AL 3 e P 22 Ak 2 SR TR Chot filament chemical
vapor deposition, HFCVD) ffill % . LAEE YL CATRL, PR s, B0 R = H B 9 .
FLAAH & PR

(1) HH22i it . K2 R g, B8R E-97.3 kPa, &S
MELIN 200 scem, PIERFLEREZIA 60 scem, #HLLThER LN 1650 W, i/t N 10 V,
2130 min J&, RMRIEUE, EETIIAE T IHZ R A 2 R,

(2) FERRTALEE . JERARME TS BE, SA)5 F 0.5 um i & NI B 0 R TR
—MHHHTHTEE H 30 min, DATEZSRTHF=AH FIT T &NIA TR RIR, 5 F8E A i
JHYE 30 min,  FEH PIERE— I B E AR T .

(3) EWIHTEAZ. KERERMEREER G L, 2% Lo e 2R ez, SR
JEENE S NI, 73R R T LT S RA AL AR TR R T 2%
ez ThE g 1600 W, i FEiiL 4 A, AR ) 5.3 kPa, RIS E 1.16% C/H, # 22k
2000 °C A b, #h2z 5ELCHRE] 8-10 mm, PUARES[A] 30 min.

(1) BMERIAEEAK. ERZTERG, BB BE R = 5 74 R
VR R B R 5 A BRORRIIR 00 S SN B =, R TUURA K
AR EET 4 N: SAR)E /1 5.3kPa, (R 4 A, BIFIKE 1.16% C/H,
TR FE 8107 BIC, #2235 5 2000 °C LA I+, #2253 ECHE 5 8-10 mm, JUARH [H] 7 h.

4.2.3 RRERSCEE

Nl 4.0 Fros, A R AR S g0 AR — AN B R SRR TR oA T o A IR I H S
FAZHfE (Cation exchange membrane) 73 F& Ak T/EHLH (Working Electrode, WE) =
Axf B HK %5 (Counter Electrode, CED o LA HLMK Y450l <6 Il A 3 5 FE B (40 < 10 mm),
PR A R (40 <10 mm), ZHCHEMRISMIAIH R k. FRAR L B AL e T
TEubIRME . AT (0 A S0 A 7E % I.(10-30 T) & N7 .
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X X

/

CE

Cation exchange RE “we
Rotor

O/ Magnetic
stirrer

B 41 R EBAREREE TR

Fig. 4.1 Schematic setup of desulfurization experiment of fuel oil

AR SEIRFET A B, Al X AR = —E &1 NaOH V&, o LIEH

M= 52 & 1) NaOH 5 NaBO,-4H,0 WV &, SR, i TAE i EmA—

SE B R B S BRI S o TS B D RE B AT B, (R BEE Ak A AR, BRI

PRI GG . JLarehE, A AR AR EEIZ A NiCly6H0. KB4, TAEHR

N HAROIEAT I U . SRV A ORSE E, 3 B M ARBEAT IR & . AR AR
AR 2-1) 5.

424 HFEZE

4241 HEEAMPRSENNE

K FH UM B 1 A5 AR 2R 0 R B R, O T ST % S K K R U
(Flame lonization Detector, FID fuill#%), E4H%E +: DB-FFAP (0.25 mm <30 m).
BERE R E N 340 °C, RMIZRIRSE N 250 C, HEARFEF NLL 15 C/ B iigE R

M 100 CTHEZE 300 C, #FEE N 1L,
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4.2.4.2 EPREMPHRSEONE
KB E X (Sulfur-Nitrogen Analyzer) 52 SZBrSEIH I & &
4.2.4.3 BLET R NaBO, #ll#& NaBH,Z 2B ES

K EiE R CHI832b B HiAk, 2 T AE sk ok B Ak 2236 5 NaBO,, il £ NaBH, i f233F
ATVEIAR 2 5041, DA 5 B AL 22 0 JR ok F2 1 B TR VS B o AR 2233483 N 5 mVs.

4.3 ZR51118

4.3.1 BELFERR NaBO, &% NaBH, TREBIHFRR S

—— 0.1mollLNaOH
| - ---0.1imol/LNaOH + 0.2mol/LNaBO,

Current density (mAfcm®)

20 16 12 -08 -04 0.0 0.4 0.8
potential(V vs.SCE)

B 4.20.1 mol/L NaOH #= 0.1 mol/L NaOH + 0.2 mol/L NaBO, & i& ¥ BDD i# B & R &9 1 T 1K % B

Fig. 4.2 Cyclic voltammogram of a BDD film electrode in 0.1 mol/L NaOH and 0.1 mol/L NaOH + 0.2
mol/L NaBO, aqueous solutions
TEHAR 22 7 W i H R D9 T 1 € AL 538 Ji NaBO2 il % NaBH, i A% Y FL T Y .
&l 4.2 fitR 4 HI7E 0.1 mol/L NaOH #1 0.1 mol/L NaOH + 0.2 mol/L NaBO. ¥k 145
<6 PRI S L ARG (97 A £R 22 Pl o T 4.2 WP, 7E 0.1 mol/L NaOH /K&, A
HBRATART (38 B 0 . #R1T,  7E 0.1 mol/L NaOH + 0.2 mol/L NaBO, &+, M-1.2V
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Hatic 5B iDL e I A0S SEPUE I NaBH, i J7 Bt i — i fb 2 pf AR i R 2k AR AL

B1-1.8 V 2B AE R R, CERDA G5 AT DN, i
NaBO; ffill & NaBH, i F (1) FL & Ju [ Wi AE-1.2V $]-1.8 V ZIa. 53—7J71H, RIEE
4.2 W41, #F 0.1 mol/L NaOH + 0.2 mol/L NaBO, %+, 4 EET-1.8 V I, Hi&
RMFFIE R A, TR T 0.6V B, ATEURMNIFIAKAE . X, N T ESRITA
I AT S80S [ R A o 8 18] A FA e o ok o Fb F BF 5 o Jik e oL R 7 T —1.8
T3 338 ) ok o FELPS AR T 0.6 Ve

4.3.2 Bk S Bt B i R KR i

4.3.2.1 IEERKHHEE

100

I —®—constant voltage
90 —e—pulse voltage

80 ' 0.3V reverse pulse voltag
70 L 1.5s forward pulse duratjon
L 0.5s reverse pulse duration

60
50 |
40 |
30|
20|
10|

Desulfurization efficiency (wt %)

0 M " 1 M " 1 M
-0.2 -0.4 -06 -08 -1.0 -1

1 " 1 "
2 14 1
Potential(V vs. SCE)

" 1 "
6 -18 -2

.0 -22

B 4.3 i & bk £ R 3 BLAL A E 09 # vk (-2 &40 0.2 mol/L NaBO, ik &, 1.2 mmol/L NiCl, ik /&,
13 h/% iR AkARrk, 1.5 h &R B iE])
Fig. 4.3 Effect of forward pulse voltage on desul furization efficiency
TE 1A ik F s B AR 2 A8 B BO, 9 BHs o IRIEIEMMR 2o i &5 5,
WAk R NaBO: il %% NaBH, i A2 1 U VE [ R IZAE-1.2 V 2-1.8 V i) RERH)
TE e Jok o o AT R T v BB 80, EL: = I ) ko F R ORARI , K 51 R SN
Bl 4.3 Jtos 9 E [ ik v o 0 B B A% 3 ) SR, I 55 1 FE s P AR ) JB B 0 3R 4T T B
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o P 4.3 AN, 20 A AR BN E FUR I, 6T R0 A G T R (38 i T 44
m, HEE RGN E-1.8 VIR, iR E AL B R, 290 48%. SR, A T
1 FERR B ik v PR IR, 76 L[] Bk ok R =15 VIS, R 280 () B KA T IA $1) 93%.
DRI, ke e A £ 200 SR B S e 1 e AR o 224 O 1l ke o R P AIG, B
BT URE W BEAS, X AT BE S BT AR 51 AT AU S, AT 3 35 FL Ak 2558 T
NaBO, % NaBH4 it FEIFE L RERAG. 1 S2ie 4 B S8R R 200 & S 2 — 501
DRI, 7 e 82 ) ot ot S 6 v S -1.5 VA Sy e A 1) O 1) kv FL s

4.3.2.2 ¥ EEKAHHEE

-
o
o

-1.5V ferward pulse voltage

[
\ 1.5s forward pulse duration
— 0.5s reverse pulse duration

60 |
50 b
40}

30 "~

20

~ @ O
o O O
T 1T 71"

Desulfurization efficiency (wt %)

10 PUNE N URNN NS NV N VNN (Y WU SN WU NN SN NN SN N SN NS R
00010203040506070809101112
Potential(V vs. SCE)

B 4.4 3% @) pkok & R 3B A E A9 %o (B % #F: 0.2 mol/L NaBO, ik &, 1.2 mmol/L NiCl, i &,
13 /iR i AR ARrl, 1.5 h ROk B )
Fig. 4.4 Effect of reverse pulse voltage on desulfurization efficiency
T [ Jk o RIS A T2 I 51 BO2 21 A Ml R i ABEAT FAL I8 SR S B . AR,
B I e ke R SR A R TR BO, M TAE AR IR . (H2, KErw
[e Jpet H S B 2 A SR i s . — 5T, ARIEARIAR 22 A AR, e I [ Jik o e
Fle 51 R TN 53— D5 T, BB 30 [ Jhkorh R S ) T, BH B FRAK 7 S8 At AN
hofsl, BIAE Ak I R AR 2 AR B BH, FE A TR I RAR T B FEAL A
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AR A, T BB IR R BRI ez, D R0 i ikt L e R ARG, SOAS 2 AT
S BO, B TAF ik R b, SEORALEIEJH NaBO, il % NaBH, 1152 1L 5 [
i, AT R B AR R o 1] 4.4 B D3 1 Jhka s I B 0 (R 52 1 1] 4.4
R, OB R AT 6 I I 2 T ] kv e TS KT SE N T S, RS SIZHT R . 4380 A fik
MY 0.3V N, MR RCRIE B K H -

4.3.2.3 IE[ERKAEFE]

—A
o
o

o
L

I

D ~ o WO
o O O
LI B |

i
[
T

-1.5V forward pulse voltage
0.3V reverse pulse voltage
0.5s reverse pulse duration

N W
o O
T LI

Desulfurization efficiency (wt %)
o) 3
LI 1

1 " 1 "
1 2 3
Forward pulse duration (S)

o

(]

B 4.5 iE &) ko B 1] 3 B AR A 09 %ok (RUZ A 40 0.2 mol/L NaBO, ik &, 1.2 mmol/L NiCl, ik /&,
1/3 /¥ fg i ARk, 1.5h BBz B TA])
Fig. 4.5 Effect of forward pulse duration on desulfurization efficiency

0 2 1 P i 1] R A AL A R NaBOy il £ NaBH, I A2 I B . — &
70 [l A 389 0 T ] Jhk e b TR AT 4 e B A AR 8 o (L, It KR T [ v S T A 2 R 47 T
SO o DR] Dy e P AR IR () G358 e 1 e K e A ) AR 00 e Jk e o 1) o BDAL P AR N [) ] 4% R
AT AR ST [B] = T (r) fik e B 1) XX ARG A B8 A 398 Jo) ik s ] X i BR B = (I Jm
KA T 4398 [ ok N T) ) XA R AR5t 2 FCRT 0, 78 S R AR I T R385 ] Jik vt
I 1) — € B SAF T, S aE e kb it 1a], 2 T BRI UKD, XK EUR IR 1A
ok ey TR 9L AT BB A B . PR, s T [ ikl B TR S PR R AE — 58 Y
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ZWo B 4.5 Pl oh I i ks 1) B f R i s . B 4.5 WL, AR RCR A4
[t L Rk o A 8] A B AR g n, 285 SORHT AR . Ik Ak (a9 1.5 S i, it
TRRCRIE R NAE . R, AWTFELL 1.5 S Ay e ) 1k 17 kb i 18] o

4.3.2.4 %[5 Bk B8]

100

a0 [ -1.5V forward pulse voltage

L \ 0.3V reverse pulse voltage
80 | %  1.5s forward pulse duration
70k

60 |
50 [
a0 |
30 |
20f —~——

10F

Desulfurization efficiency (wt %)

0 M 1 M 1 " 1 " 1
0.0 0.5 1.0 1.5 20
Reverse pulse duration (S)

B 4.6 % & Bk ok B 18] 3 LA A F 09 #vh (R £ 40 0.2 mol/L NaBO, ik &, 1.2 mmol/L NiCl, ik
B, 13 /e fdigkiat, 15h R A )
Fig. 4.6 Effect of reverse pulse duration on desulfurization efficiency

UNRTRTIE, 3] bk e S AR ) 32 BRI G B BO, I LA MR AR T LAk
ITHAL IR IR A48 BH, o 2 R3O0 g R i iy TR) DR, DIV A2 0% R I ) DL AR VA Y
BO, i R LAF MR AR T, M BRI AL 5738 i NaBO: il # NaBH4 UF2 AL, AHMN
R BUR R BCR PR 55— J7 T, 7 () A sUAR 0ot e ik i ol F A IR, 2%
S H BOy il F AL 738 ] 4 1) BH, B REAL 2401 (BH, + 8 OH — BO, + 6 H,0
+8 e, WAL ) Bk ARG, BH, B RLAG = E AN, AT 3 BUK & i Bk ik
JERERE T )25 1 BH, I 3BCE At B OB I ELRE A P AL 2 A AR VR AR T, 31X
DR SBURBR AR BEAR . 1B 4.6 Fros Jyd ) ik b s (D0 o it AR i md . MKl 4.6
AT, IR R AT AR B A T 1 Jhk e e ) B G M In, SR )5 SOZT AR . 24300 ] Jik
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1R 0.5 S IS, it ORIk B B KA
4.3.3 NaBO, 7K B X B #3219 R M

100
ag i /
80l /

70 F

60 |-
50 |-
40 b

Desulfurization efficiency (wi%)

20 I i [l i [l " 1
0.0 0.1 0.2 03

Concentration of NaBO2 {mol/L)
B 4.7 NaBO, ik F AT LA E by %5 (R F&#F: -15V E/mbkar )k, 0.3V # @bk € /&, 1.5

S IE & Rk oP et iE] | 0.5 s i d Akt it iE], 1.2 mmol/L NiCly & &, 1/3 i/ ¥ iRk Ar bk, 1.5 h & & B 1a))

Fig. 4.7 Effect of NaBO, concentration on desulfurization efficiency

NaBO, 72l % NaBH, MIFTIRYI)GT, FMRA T BO, AUMK BE E Hesmi HiL AL 2218 [
BO, il % BHs HI¥ALA . 55— 71, WIRTHrR, AR & 1) BHy B 7 /N5
SRR ONEAN, KR4 M GE I K A SR PA PR AR E R AL (H*) F TR B (BH, +
H,0 — BO; +Hy (H*)), dbAb, 4t i) Bk B i, FA 2254 JR 14 1) BHs
W2 iEId Ak EAE g #ERE (BHy + 8 OH — BOy + 6 H,O + 8 ¢ AUk,
TN R AR Z i R SR — € B 56 AF T, FUR D BH, IR 2 th Al 2738 )5 BO, #%
A BHy 1775, BHy HIZKAAE R K BH, 1 BAL 2 AR AR R = 7 T L R e e
G0 2 AR 2 NaB O 13 B2 1T 412 i S B2 A4 28 o B 238 J5 BO, il 4 BH4 I FEAL
4 BO [a] BHy LRI BH, MK E RIS, KR BH, HIWREEF A WG A,
AR 2 FF BH, R EE (3 DR AR R (R 3s BH, R BAL S S T FE S R . Xk L v
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W 1) NaB O F A7 J5 il 46 £ BH 35043 FH 7 3 it Fd it 110 L 12 4 PR A 2 S A T
Xt R R R AR AE A o DR, NaBOR IR FER I EfE— @ N . & 4.7 fit
NN NaBO, IR EEXS bt R A2 &l 4.7 wf L, B ReR A1 a6 655 S v Ak & o
NaBO, WKL RIS IN T A0, 24 NaBO2 ik EEHE AN 0.2 mol/L i, A R A FE 48,

4.3.4 NiCl, 7R BE 3 it Wi 38 2R B9 S i

100

g of DD
et 3 o LF & -
2 8o}
3.. 3
e 70}
2 g
o 60
% i
o 50f
5 i
= 40f
E 30 I —=— 0.4 mmol/L
2 § —e— 0.8 mmol/L
S B —a— 1.2 mmol/L
2 20
@ 3 —v—1.6 mmol/L
o 10} —<— 2.0 mmol/L

0 I 2 1 2 1 " L 2

0 1 2 3 4

Electrolytic time (h)

B 4.8 NiCly iR B AT BLEL A F a9 #oh (R FF: -15V E@ikP @&, 0.3V Z @kt /R, 155

FE @Bk ETE], 05s % @Ak A, 0.2mol/L NaBO, iR B, 1/3 ih/¥ iz RkFRLk)

Fig. 4.8 Effect of NiCl;, concentration on desulfurization efficiency

NiCl FI1E FH A2 5 FAL 2258 S ) 46 1) NaBH, S 2 BLP AR Bl AL 48 (ANaBH,4 + 2NiCl,
+9H,0 — NiyB + 3H3BO3 + 4NaCl + 12.5H,), I Tt i 6t « NiClo BN AR 2D
B AE AL B B R D A TR BRI RE K, BB ARCR PR 2, NiCly
MM R 20, SR AE I BRI R, X BB R AR e e R, T g i YA
MR P UL, NiCl RN RN E D EdfE. B 4.8 Fras oy NiCly ik xS il i 2%
IR . BB ATAL, X TR B NICL W, BR8] 46 I 8 5 B[] (1
BRI AR s 1024 S B — B A, AR RO B I 8] () 42 =y 12T, Boma T
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Hatic 5B iDL e I A0S SEPUE I NaBH, i J7 Bt i — i fb 2 pf AR i R 2k AR AL

FE o 7, XTI 8 0 ORI E], AR AL B NiClp < 2 I3 i i 27
N, Blan, 75 MEEY 1.5 h B, 24 NiCl #E 4 0.4 mmol/L i, BB XA
N 48.7%, T 24 NiCly #R B30 1.2 mmol/L i, AT R g % 93.3%. 4R,
WE NICly W5 3k — 45 388 0 25 483 1.2 mmol/L I, BT 23 BE NiCly ¥k 38 i A
M. B, NiCl WK JE ) AE M Y 1.2 mmol/L.

4.35 5H/FE R TR EL 3T BR AR S8R BRI

100

90 F \
| l/

8o | /

70}

60

30 |

40

Desulfurization efficiency (wt%)

R R

Volume ratio of oil to electrolyte
B 49 /e g RAR L LA R (R &4 -15V E@iki /&, 0.3V #mfkr e
B, 15s ErkkobHF, 0.5s Zebicor B, 0.2mol/LNaBO, K&, 1.2mmol/L NiCl, KA,

1.5 h B dia])
Fig. 4.9 Effect of volume ratio of oil to electrolyte on desulfurization efficiency

H T S 2 A4 28 2 E AT FEL ARV ZEL 1S ) AL SN A 2, et R R ARV AR A 2 B L
FEFOM [ S AEAR B A3 . AR O RAR D I, T B BE I AR B AR, TR
e AR 2 IR SR AR ) 5T i A HLBR A B, AT AR T e v T A R
SR, 244K 2 T il AR AR ARG iRy IS, — T T 2 BRI AR A BR P 4 BELA: FBL 99 £ BO,
] TAEHLARRIANT RS, AT FEL BO, $446 7 BH, 7™ 28 FRAIG,  AH M () PR AR T Mot At
RO 57 TN AR R 350t 2 1 0 44 28 1 v BEL T A ARG B A4 2% ) FELIAL S B, DA
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117 A% BO2 A BH, (1773, AHNL R BEAR vl et B BRE R o PRI, it/ AR R L
PRI — A EE . B 4.9 Fros el /A AR AR L Bt R (s . i 18 4.9 7]
W BRI R & R B LE BN M B0, P85 SOZ BTG =/ eh A
WARRREL Y 1/3 I, ARt R Tk fe KA

4.3.6 SERRSEIMALTR

AHIFER T NaBH, 340 J7 B i — A6 2 A I i e T 55 B Sy 100 il it 1 e e
BEAT TS B 4.10 Py SERRSEI 0 B i 2R BE I 18] 9 ARt £k TR, i
B RO AT 46 P B I T 0 38 I o S g, T SO — B TR A, AR R I e 2% .
FEIRSE 1.5 h 5, MEBRSCREEARSE, 53] 86.3%. SRS i i fit Rl b S S 8] )
AL S SRR R ALY AR 1 AR ot S AR — By (&l 4.8 B ). (H SR
AR B, B KRR R A BRI PR XAT B8 TSR BRsC il Bl & 1) ey BE N 2%,
ATt L AT AL AR A B B e N T O 45 R

100

Lo}
o
T

——D=

~l e}
o o
T T

I )]
o o
LA
|

Desulfurization efficiency (wt %)
(O8] (0]
(o] (o]
— T

1 " 1 "
1 2 3
Electrolytic time (h)

[\]
je]

o

B 410 @ fF a1 aF SRR R I BLAR A FE G m (R &H4: -15V EmbkeE, 0.3V i @ikt
WA, 15s E@AkAPrE, 05si#@kAuria, 0.2mol/l NaBO, K &, 1.2 mmol/L NiCl, ik &,
1/3 /¥ iR ARAR L)

Fig. 4.10 Effect of electrolytic time on desulfurization efficiency for real diesel fuel
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Hatic 5B iDL e I A0S SEVUE i NaBH, 148 J5 BT — AL 2 AR IR 26 A

4.4 KENG

A F 0 HLAL 2238 J5 NaBO, il & NaBH, i 72 1 i g o s ¥ [ B NaBH, 38 J5 it
Bt — R 2 T AR SRR I RN S AR HEAT T B 5% IRIMR T 5 SRR, DB & RIAH
TP ERL AN Sy A F A, A 5 5 NaB O, il 2 NaBH, 1 2 14 L fif v Y8 B R 7E-1.2 V
£-1.8 V Il JHi NaBH, & J5 B — r Ak 252 fR A R 0 B e RS 264 9 <15V
I 17 ik HLU, 0.3V 336 [ ik BRLFR 5 1.5 s I [l Jik s T, 0.5 s 385 v Jik i B ], 0.2 mol/L
NaBO, ¥, 1.2 mmol/L NiCl, ¥ JiZ, 1/3 Wi/ FE g AR AL, 1.5 h s [a] . ek S fE
JRSEAAE TS, AE TR I 5 BB CRIA B 93.3%,  SEPRSE I A BT AR 1L 5 86.3%.
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AL A REALBE K 5l o

P W NaBH, iE 5 i i

Hatic 5B iDL e I A0S

RUFEBEEIENERIEF

FHE B NaBH, B EBTH—

Ao ) AR LS Y BB DA B T NaBH,

T
il

A — 20 AL 5738 J5L NaBO2 il % NaBHy 1t
HLAG A AR TR Y S ML AR AR REAT B 5 o R, D 17 AT I RN (A6 Vil
EATAR 22 )L 5 LA ko i, PR
[m]E L

i JE it b —

AL A R REAT AT, ]
i& IR NaBO: il #% NaBH, I F272& {358 742 7 NaBH, 2 B i1 i o (8 LR AL 42 i
N/ 7 R

NaBH, i J5 fli i —
I 5F
B LG #eA R T A4 2 AL B BR B 4 LA A A ATAE?
] R T B0 i NaBH o 38 Ji JB B — F Ak~ F R R LB HEAT RN 5
AR T P R P AR YOS R AR T () NaBOR W A TR, AR E 2 157 2
7 NaBH o FIl FH SR 38— 5 3 I FH O I B I A 2 A LBRAL ) B 7 0 AT 3 A
DA 52 AR R ALBRAA) B A 0 o R P58 8 1 A e i (SOR BB 77 A ) 25 K T
KM, LU E S ST BRI A AR . RTS8 il i NaBH, 34 J5 i Bt

A7 IT
— AR A R (0 BN T S AT R

5.2 SEIRERS

5.2.1 #8. WAENE
JEE IR 8 1Y) 3- F B OR R MWy AN — SR R ey T 1 S e h 145, 6

AR Y o 188

JURYC R
N 493 ppmw. SEBREE B EA AL B A AL TR A R A " R4, mEE
458 ppmw. 7 S8 AT A ) FBARF AN £ 4.1 s A= SR8 A 32 = B gk

42 Fio~, T HAD FE NS ANER 5.1 Fios
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kBl AFERAANELEME

Table 5.1 Experimental Instruments used in this chapte

AR 44 R S 0 PR R
WRESEAR IS (Avance 11T 400 MHz) Bruker, Fit:
AU RS — BT A (QP2010) Shimadzu, H#A
FL SRR 5 58 B TR BT TS A (7500A) Agilent, 5[

5.2.2 BEERSCIs

o |

Cation exchange RE “we
Rotor

O/ Magnetic
stirrer

B 51 abmehET ~&R

Fig. 5.1 Schematic setup of desulfurization experiment of fuel oil

i S B B AN P 5.1 Pos o SR iR B 5 b R R Se I 4 B A AR — B 4.1,
HARN SRR BERC AR O 4.2.3 1. EARRZE, v 1 ISR IR F 7 2R ) AR
CAREATTE 3 i, A S0 BN AR f bl S S B 1, 7 AR UMl 1 T8 3 A0 LA
o AR AR kot e I AR S AR 3R A o P A B AR 5 56 A5 =R (10-30 T
= FE#EAT.

BB SEI AL N Eoe, Al AR € &R NaOH ¥, 17 LAFH
WEIMA—EE ) NaOH 5 NaBO,-4H,0 KR ATEWL M)a, Hm TAERMKBEMA—
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€ AR A B S B et o O BE TR AR BEAT BERE RTINS0 i Al AR, A S
RSERIIF G JU Bl e, AE AR R =S A NICly6H0. RN ARG, TAFH
P LR AT I IE , 15 BIUTIE BRI T At 5 A oo s & & SR 700 =0
B, AR EAT IR A R b, AKHREAT IO T, R, X AR Y AR ik
R BRI AN (2-1) 5

5.2.3 A%

52.3.1 ERASRPRSENNE

AR RS RN E VA L 4.2.4.1 7

5.2.32 NaBH, I E M S E 2N

K LRI 51X (Nuclear Magnetic Resonance, NMR) X7 i NaBH, #4T
SEPERTIN,  RYDE oA R O HL AR AT JS 1 0.1 mol/L NaOH + 0.2 mol/L NaBO, i&
AT B AT, TS AL IR FS AR R TS A NaBH, A2 R B il AR I AT R
128.3776 MHz, #u i E 4 330 K.

T I ARV R NaBH, 347 8 AT . 15 58 A 2 KIOs S A AR M
NaBH,, #8 JE I KIZERR 1 264 S5 3 AR 1K KIOs [SUREAE ) o, 55 fi ATE R 4R 7R 711
FH NaS,03 i 7 & A2 B 120 AR OBk Z AU BRI A] TH 5 NaBH, U EE .

5.2.3.3 {REmmIRR S~ M5

KA A — iR 5B 4 (Gas Chromatography-Mass Spectrometer, GC-MS)
X R TR ot JI B F) 7 D AT 20 H

{03 2641 RTX-5 ms B4 F:(30 m x0.25 mm), &/ AR, iE A 1 mL/min.
HERE TR 250 °C, AR FHEAEF N 50 CHREE 2 min, ZRJELL20 C/min fiE R
M50 CHLZ 300 'C, HEFEEAN 1L,
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JREESAE A Bl MR, BEFUEREE N 70 eV, BTN 200 C, &Ry
A, FHE R E VL REA 33-650 amu, A E F NEE 0.5 s FH— K, AL AW € K NIST 147
FINIST27 btk B A

5.2.3.4 SEERSEHIPR S BRAME

KB A (Sulfur-Nitrogen Analyzer) 52 SZBRSEH AR & &
5235 KBBPTRIES

K FH FELBCRE & 25 B8 TR B 4% CInductively Coupled Plasma-Mass Spectrometer,
ICP-MS) il & B/K¥EWH S. By Ni &

5.3 ZRGi1TR

5.3.1 H{LFIEE NaBO, Hll#& NaBH, T8 B B REEIR 47

N T B AL 228 5 NaBO, il 8 NaBH, it F22& S #i =4 T NaBH,, AL
BN 4 WA F B O A b, A SR R R R, PN R R e S LR R, B
0.1 mol/L NaOH + 0.2 mol/L NaBO, ¥4 Jy FELAL, G I Bkt v IR HEAT WA 2R )5, A
FRAZ R FE AR 33 A5 %eh P AR AT 5 110 LA R AT M B AR RS EAR A0 AT, ST Ll B T o HL AR
Wi 5 FARR P T S I I 2 R, AT B SR 5 NaBH, A=/l B 5.2 Firhy 0.1
mol/L NaOH + 0.2 mol/L NaBO ¥ i HLAk 2218 JE A1 5 1 VB R REFE IR K . HR4E A%
SCHERIHRGE, {2 AR (Chemical shift) 1.6 ppm ALy NaBO, HIRHF 24k (5 51158,
AL 2200 8% 42 ppm BT R R NaBH, (4FAESEAR (S 50, fi &l 5.2 AT %01, NaBH, 45
AEALARAS 5 Xt IAE F i J5 ) H i b . 1% 5897 0.1 mol/L NaOH + 0.2 mol/L NaBO;
WA AR R B S4B T NaBHgo o5 —J7 T, 0 AR V250 78 Ha At Jm V9 1) NaBH,
W, 5 HE AL AR R NaBO, il % NaBH, 816K 218 15%. Kk, PLEgERE
W, CABTR S NI AR ARy T AR flk, S8 kol o i A, Ak 2408 )5 NaBO, i
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FERA SR % 7 NaBH,4, X U8B 7E 5 2 AR B I R H i S8 NaBH, 192 5

NaBHd\ after electroreduction
bl
1

Intensity (a. u.)

NaBO2

l before electroreduction

-100 -50 0 50 100 150
Chemical shift (ppm)

A 5.2 0.1 mol/L NaOH + 0.2 mol/L NaBO, & ik . f2 AT 5 69 "B Bt £k Bt (R B 5&4: - 15V
EEpkFr R, 0.3V #E @k e /i, 1.5s Em kP rE], 0.5 s i# d Ak i a], 1.5 h & f# et 1a])

Fig. 5.2 ''B NMR spectrogram of electrolytes before and after electroreduction

532 REBNRULYHREER

MY SR A LR AL () LB S S B AR, AR S I8 S AR B — RS X
X AT S it R J RN = AT T AT o 1 5.3 BT AR 2R 3l ot P S D A T
ik B o f BT, AR R i B S P 2 B A 2 K Cisopropylbenzene, 1PB ).
BX2K (biphenyl, BP). Z#33F it (cyclohexylbenzene, CHB), /D& [\IIE I
g Wy ( tetrahydrodibenzothiophene , THDBT ) #1 75 & — 7K JF B 5
(hexahydrodibenzothiophene, HHDBT), 57 /b & & kM A HLERALY) 3-H 3
7K BEW) (3-methylbenzothiophene, 3-MBT) 1 2K 3#:W; ( Dibenzothiophene, DBT)
VB o G M OCSCHR AR IE , AT DAAHE IR S R BLAR AL ) 3- FF A I I gy AP0 2%
193 FR) S5 07 i A (2% 144 160 1811 P 5 4 B Sy 3- F R % I W T — S I Iy ) S 7 K 4%
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AT, 3-FR 2R Ry 1) oAt A Ui i B2 i A (Direct Desulfurization, DDS)
SRICHL, AR 515 2 R AR T R TR MY (R B R S R A R R ARSI . — 2R R
REERAR N ORI EY 1 S L FLIER A AT BIHR, ARG A ANG BRI O, 5 —%
SN IR AR N A Ry 1 S 4 Ak (Hydrogenation, HYD) 753 0 & — 28 H-igemy 5l /N
A RIREYY, REENBTEHRRER Ot HAh, ARIEE 5.3 AIAL, TIRIRMENY
FUAR ) E B ) R IR L I b, 1T HICR B0 2 TR R 3R Ol o fh e m] DLAE
Wt W R A 1R — 7 1T, IR IRy 20 R O B A EAT T B ) B SR FE N R T2
SACERAR AT AR A0 S N2 TEE 2R, TR D An SR S A BR A ) s M R PR T B I ARt R A2 ) SR
O ZE )T, BB AR BT 2 KRB Cobe: 53— U7 I, & LRI R AR AR S
19 BRI R 3 — D SR IE I Cbe B2 LU R AE R, B AN SR R i — P A A
RILIR CIe LU Dy 1l ORI IR 76 S B R b B A O R B30 e, Xkt
N 2P Y R IR BRI ORI R KK 2 T IR 8RS

2

iPB

BP

Relative abundance (%)

cHB| 3-mBT THDBT 0"

I l HHDBT ,\:})\L

kSR WO JONE TOUO | i | T TR SN S NSV TN NUNE SO JORT SO | i i

6 8 10 12 14 16 18 20 22 24 26 28 30
Retention time (min)

K53 BAMSBHAEHWERTARECER(REEMH:-15V E@kPE/E,03V & @ik E/E,
15s E @ kb et i, 05s ¥ @Bk Peria, 0.2 mol/LNaBO, & &, 1.2 mmol/L NiCl, & &, 1/3 i/
o R ARAREE, 1.5h R R EF1E])

Fig. 5.3 Total ion chromatogram of model oil after desulfurization
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OO0,
S O
\HHDBT“ / - .

% lf ll'-n @{Ha—. @

DBT
3-MBT IPB

B 5.4 A G 3-F EORI-Eop Ao Z R Ry 69 LB 96 12

Fig. 5.4 Reaction routes of model sulfides 3-methylbenzothiophene and dibenzothiophene

5.3.3 REFH

N TV NaBH, 38 BRI 6T — s AL 2 PR A AR O HLEE, XA AL AL Hh
b Ja B A 20 A K B ) Jo ) e A B A 3R AT 5 20 0 B o DL 3-F L 2R IRy A
TRIFE Wy R T AL MU AR i, LA NICly6H,0 J9ERER, 4% 5.2.2 TR R
R ot AT OB S L o BT S N S5 45 21— RAIAH G4, J i r SRR 5 5 B A o
SO A HIICER S By Ni & EREATIE , I 5HI96 IR S S ot 1) B 34T ELA,
M T 8 B e L) o ) e 28 e AT 2 o RSB i ot 28 I i S L i, T i 2%k Tk )
93.3%. Jx N AR FEAE I A KIE T Sy NIy B JCER & E WK 5.2 s, 3K 5.2 1[40,
b JI BA R ARG = S B i TAE HL B % (Working electrode compartment) Hif#i H iR
B+ N JEXT RS (Counter electrode compartment) B g T it & &+ T IE T iR
7% (Digestion solution of precipitate) =i & & =4.12 + 3.82 + 0.02 mg = 7.96 mg. %A
M, SBERRATEME = BRACE (wit%) x JlE RS & (ppmw) > #5170 iR
& (mg) =93.3% %493 x10° x17500 mg = 8.05 mg. 4R, i ERER KA E 5
THEAE & B A — 00 o XU WA DA AL B B B ) LT R 38 7 #7831 1 A v
FH—J7H, RN NICl, 6H20 F2 Bt Ni JUF#H T 7745 NiB (RN 5 UTTE T il
WA ND. KR B U9 AR MR (RIS TAF Bk = B it B, X
YA KER 73 1) B AT LLSEBLE A o
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# 5.2 WIRRAITIIHRIRE ICP o H7

Table 5.2 ICP analysis of electrolytes and digestion solution of precipitate®

Elements Before reaction (mg) ° After reaction (mg)
Working electrode compartment S 4.12

Ni 70.4

B 216.2 213.37
Counter electrode compartment S 3.82

Ni 0.2
Digestion solution of precipitate Ni 69.9

B 2.49

S 0.02

SR EM: 15V EfbkP IR, 03V EEbkyRIE, 155 E@kFEE, 055 ¥ ) hk
A, 0.2 mol/LNaBO, ik &, 1.2 mmol/L NiCl, & &, 1/3 /¥ fdigikizt, 1.5 h & & it

b swh

5.3.4 jHf NaBH, R R —HE L FEHETIENE

BT UL g B, AT YRGS NaBH, 34 5 58— F Ak 2 A 7
. & 5.5 B yiih NaBH, & J5 B i — A S A R JE B . T O,
FUR B A2 3 A 4 PR

(1) NaBO, il it Ak 2238 J5 1] 4 NaBH, (BO, +6 H,O +8 ¢ — BH, + 8 OH) ;

(2) 751 NaBH4 5 NiCl,-6H,0 Jx Wil £ NiB (4NaBH4 + 2NiCl; + 9H,O0 —
Ni,B + 3H3BO; + 4NaCl + 12.5H,);

(3) NaBH, /K= A i PE A (NaBH4 + H,O — NaBO; + Hy (H*));

(4) 7E NipB Al H*1 3L R, B AU A0 Ak i B B S AL & PRI -

SR (4 PRIMEERAE S (H*) LREE FXE FLBR A HEAT 6 i AL
1E 3.3.6 T HHT T Wik, HBEALIELE 3.9 FiR.
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+ Reverse pulse: attracting BO; to electrode surface
e N e N o N o

- e
—H _
1 1 - Forward pulse: converting BO, into BH,
- -

i NaBO, —— NaBH, :
1
1 1K | B o) i, |
. REI | (HH,  NB |
Cation exchange Ro\glri I Sulfides, ‘T Organosulfur |
= | Hydrocarbons compounds :
|

S Magnetic O
31 -] NG [ S S S S S R S S S S S ——— -

B 5.5 i sk NaBH, L R LA —e L5 B 4 42 R 38

Fig. 5.5 Schematic illustration for the desulfurization of oil by NaBH, reductive

desulfurization-electrochemical regeneration technology

5.35 BRI

3
* DBT >
o 3-MBT o
R*=0.99657
2 -
E3 g
= 2
= R*=0.99013
-
1k
L ]
[=}
[m}
0 L L N L L L L 1 L 1 L 1 N L L 1 L L

0 10 20 30 40 50 60 70 80 90
Reaction time {min)

B 5.6 3-F A RHA Ly, ZRHFERBAG E—BANFHER(RESFH4:-15V EGqhkd 2k, 0.3
V # @ kb )k, 1.5 s iE @ bk P B 1E], 0.5 s # & Bk B 1A], 0.2 mol/L NaBO, ik &, 1.2 mmol/L NiCl,
K, 13 /iR ARAR L)

Fig. 5.6 pseudo-first-order kinetics plots for the desulfurization of 3-MBT and DBT
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ARWTFERS T NaBH, i J5 i fn — s AL o7 7 AR R T A 3R B A LB AL 0 A0 S o
SEM B R BLBh ) W AT T SR N T B SR MR AL I I R S SN Bh ), A
5.2.2 D BRRAR A BEAT AR I AN [R] B B TR AR LR AL A 3 2 - g
Wy R 2R TR (1) 2 BR 2 () o SRJT 5 BA-IN(L-X) % Js B2 I [R] () J A2 — e 3 1122 A 3
I 22 W 3 7 5l 2 5.6 Jrs AT HLGR AL ¥ 3- 3 K JF ey
(3-methylbenzothiophene, 3-MBT) #1 2K 3:WBEW; (Dibenzothiophene, DBT) fiiffi
RHE— R et de. HIEIATHEL, Joiese 3-F AL IR Jf ey it je 4 JFmEwy, #BR AL
e HAH % 2R BB o X 2 W] 3~ FH R IR TR ANy 1 24 1 I Wy 1) I . e 2 #0547 ) AR5 1 —
RN S 0 H, H TR, ARy RO R RN I K T 3- R IR
Wy FR) LT3 A0 2, X 1 B A My L 3- Y SR SR R Iy B 25 5 I i

3

-In(1-x)

<" R’=0.99491

O i 1 " 1 " 1 i 1 i 1 " 1 " 1 " 1 i 1

0 10 20 30 40 50 60 70 80 90
Reaction time (min)

B 5.7 KRR BLALE B — R ) 5 i & (ROZ &R -15V E@pior 2 /E, 03V # &bkt &%,
15s E @ pkarBFa), 0.5s # @bk arE, 0.2mol/LNaBO, K &, 1.2mmol/L NiCl, & &, 1/3 i/
W IR ARAR L)
Fig. 5.7 Pseudo-first-order kinetics plots for the desulfurization of real diesel fuel
N T B EE I BRGSO NE B 775, F% 5.2.2 AR SEBR SR AT WA SN
PASEBRSEM LR AR (x) 5Bl (0O $Z#E—% R M3 7125 -In(1-x)=kt F 7%
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3 LM . B 5.7 FrosJy SEBRSe i BuaR (ot — N Bl 1A 2k .
BRI, HE— R N3 ) A 2 BB AR R R MU . DRI, SRR Sl A B 1 e
BT EHE— N 15

5.4 FE/NG

AFEX A NaBH, i JFU B i — AL 22 F AL A RE LB K S 3 22 AT T B 5%
B B R REIEIR A TE S, LASS T 4 N7 B PR AR Dy AR AT , SR ok e oL S LA
HAL AL J5L NaBO, B S il 4 17 NaBHao A 00— o 3 B FH SO AR R o s ) it
P it AT 1 o, BE T AT GRAL ) R Bt S L AR o S S R AR [ %
KM RAT TR R SR, ERRW], JLFRE i bR B AR A2 21 1 g,
S N4 NiCly 6H20 FEAE Ni JUF- AR T 7742 NioB, K& 73 (1 B A3 5 B A FL i
HIRHS( B AT ASEEUEA R o 6T DL B SR 1 i S LB o [, %%
TR HUBRAL DDA SE BRoEih LR S LBl 7157, 5 AR MR RAT HLBR AL P AN S P 5
THT 4t S I A L PR A 1 — SR LB AT 5
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Hatic 5B iDL e I A0S SENE NaBH, i J it i — F A 2 P A 1R I P T P

SBAE NaBH, EFRBHB—REUFHELREN R TR

it

6.1 Bl

FRFE 2 b fie K RE o A 7 AT A [, O A 3 [ ) — IR BE VR TR A6 15 3 70%
FE AT T 55 ] L A 25 128 IR 5% A MR T B — R BB JRT FE 1 LS Ay 25970 470940,
BEE I D P R e, BRI T SR E AN, A R R — B T A, R 1548
R D3 [ ) 2 ZEREPSORIR o 111 B FERER BRI — > EL 2T it g v U (RS & >
2%) Jit i UK o A A7 DR IR AR AR 7 A 1R AR R SO R A e A R 1Y
—RERSY » SURIE A L HEBU — AR L P S H RSO 2 PR, ON 5 R BR W
FE S5 P EEE RS, Rk, BB S R S BT H A RN .
S I B A AR R .

TELERFR T3, W IERRET BRI %2877 1 A BT T 4558  FERE B AR IR B 7 vk
S FH LA 3 1) 2 M) PR, (BB R e P R mh BT 20 O LR, X Jo v v B 2 i
PUBRE AN HUBR 0 L BR ROR AN o KB A VAL — SRR L b2 X MR S ) 3 R BBR
1 HA ISR B R B o ZE VDR R e P BT 1, B o A 20 1 s
b VN o D4 T 50 A% Gt (R BRERA IR0 T3 92 AR R s, D R PO A T At 3-8 11 AR
PR ARVRGEZ T A NaBHq /F I8 J57), X /K ESR HEAT IR I AR, B AT 0
R AT T B 7 BRI BB RCR , BB R A 2 X S5 38 iR, AN 5 )
RO AR R NaBH, #5555 BRI AR, 1 R4 ot
B2, MELASEEL TV AL R A

N T BERIRER S, AHT 7T NaBH, 38 JFUIR BT NaBH, AL FE AL RE IR kS
K, 3L NaBHq J& R B — HAL A F AR08 ik, B TR AR B - 5 i o 424
T AR RSB, P A R P P A F AR th 45 B < M A A AN, i B P A PR
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Bk s o R SEIUBRE AR A [, A58 70 NaBH, 75 DA A, AT FEAR A A 2
FH o ASHIE T it 15 3o e 8 0 st it R0 (4 J et FL T T IS 1) NaB Oz FH s IR
BEh HTE SRR AT 7 B, DA E S R MR S BL A s I ELX It mi e BEAE 4
AL BRBERFIEREAT 10 HT, LA B B B R X Ko FR 52

6.2 KIS

6.2.1 M, WASHEH

SIG BT BAREE B 48 10 ST B o R A P A R SE R T SRS TS
FE—ERAE, GAFETRTHIE G & BRI T AT Fc R ATk 6.3 Fin. A%
L6 BT ) E RN R 6.1 Fivn . BT ERIA HERE s AR A AR IR BZE 1 ), )5 AR
W 42275, AESLLG P ] 2GR UK 6.2 Fis.

% 6.1 KERBAA L EKA

Table 6.1 Chemical reagents used in this chapter

R A4 FR R G
RINEREN (NaBO,4H,0, 4riraf) ] 24 £ A 21 A IR W)
AN (OriiratD [ 245 4R b A lh A IR =]
AME (NICly6H0, Zr#r4i) ] 24 £ Bk 21 A IRA #
R 62 AFEBRMA L EME
Table 6.2 Experimental Instruments used in this chapter
XIS G
K7 (AB204-N) MR -FER 2 A0S (B AIRAF
WE It HE%: (85-2) W ] A 2R A R T
HIG 2 AR, (PGSTAT30) B+ 77 3
JLE AT (Vario EL 11T ) Elementar, 7%
H B & 55 B AR BT (7500A ) Agilent, [
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6.2.2 BREEscit

it B 4.1 Prox. ARSI ERCE G N, 423 5. BEHIEH
LA 2E TR SR E . T B SE B HE =R (10-30 T) =& FidkT.

PR SCI AR T . HAE, Al X AR E I —E B 1) NaOH K, [n TAEH
REMAN—E & NaOH 5 NaBO,-4H,0 HRAEM, )5, Fm TAERMREMA—
ST S IR L5 (RRRRE o TR BE D)t RE AR R AT B R [ I i v Ak 2 ARt B R
RSEEPFFAG . JUorEh e, A TAE R E B NiCl6H0. RN 4HR G, TAEH
e = (R LB AT I8, SRS 19 B BRI R EAT R B B A0 AT, 49 B RUEREAT T
O, EIEE, 0 R A R AT TR AT R R T A

Desulfurization efficiency (wt%) = % x100% (6-1)

1

Hrh, TS, ARG &8, TS NG R & &E.
6.2.3 D¥EE

6.2.3.1 M TSR TRIH

Y5 GB/T 212-2001 Xf JEREREAT Lok 73 4o Ko 20X (Elemental Analyzer,
EA) MEER Cv Hy NJGE S &, il 2t 55 o & &

6.2.3.2 BB 4T

FER BB & BR 7R 201X (Elemental Analyzer, EA) 377041, EHIBRER 25
i BALERR & AR GBIT 215-2003 #EATI &2 o 5 A LR & & 1 S & & 2%
EJIL@EE’E@M 5ﬁ1£%ﬁﬁ§%ﬁ‘ﬁ/%'“§uo

6.2.3.3 L HAEMREREENE

YRR e A R BRIEL FE 45 AR 4 GB/T 213-2003 F1 GB/T 18511-2001 Jj5E »
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6.3 LRG1TR

6.3.1 BkASE X IR R

6.3.1.1 IEEBKHEE

B 6.1 o I e Jhir o R o B BB AR A i o e PRI R, BRI AR AT AR I
T 10 Pk LS PR B AR T S8 T 0 o, =24 1 PR fok o L T PRI 22 -1.5 VI, AR GE B B
KAE, REEFRARIE [ ket B, O BRE RO B 3 T B A1 o 3 A2 DR Dy I 1) ik P 3 22
ALIE T AL AR SR AR AL BO, O BHS IR, £ VE BN, JE PR AR 1k A fik e HL
AAT BO, FALSAIC A %% BHy , MM S BIRCR o B2, IR Rk ik
RARIE, R 3 ECTAR Bk EIF R R A AU B, AT AL 228 i NaBO, i #
NaBH, SRR FIFAL R ERAR, AR, SR BB ACR 2 F k. Ik, - 1.5 V NAE
DN I [ ke LS 1 i

0]
(o]

a1 [9)] ~l
o o o
T T - T °

i
(]
|

w
o
I

+0.5 V reverse pulse voltage
2 s forward pulse duration
1 s reverse pulse duration

Desulfurization efficiency (wt %)
S
—

-
o [}
—

i 1 i 1 " " i " i " " 1 i
-02 -04 -06 -08 -10 -1.2 1.4 16 1.8 -20 -22
Potential (V vs. SCE)

B 6.1 E @& RRkoP RS BLA R R (RO & #: 0.2mol/LNaBO, & &, 0.8 mmol/L NiCl, ik
J&,50 g/lL BEKR E, 2.5h R EFIA])

Fig. 6.1 Effect of forward pulse voltage on desulfurization efficiency
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6.3.1.2 ¥ [EIRKHHEE

B 6.2 o J3gt e fikr v R R BB R A . B AT, AR R WG BE
X0 ] K PR R D0 T S 0, AR SBR[ e i P T R
SIERCT BOy 2 TAF MM R i LABEAT AL 2 U N PR, FE—EVa N, &2
i 38 1 Jok o E R G R IR SRR ) BO, [l TAE ARGR TGS . (HZ, iR idi
kb s v, Rl R AR — 7T, MMM Z BT a5 R (18 4.2) "Ik,
IR e A3 e Jk v o R 2 B A AR b AR MU B (AOHT - 47 — 2H,0 + 021), M
T FEARBERR AR s 53— i, T A ket R s, BH, (O R AL Z2 AR 2, BT
BO, i i H Ak 23 IR S B 2 1) BHy R A AT BERE ) i Bt 110 B8 R AL 22 A A
FIEFESL, IS BB RCR A AR, R, ke 9 0.5 V I, Ml
I &Sl ON IR

80
3 L
°_§ 70F
= 60 = /\
©
S 3
g 20T
= |
o A0 |
c
he) [
w 30F
N :
|
3 20 F -1.5 V forward pulse voltage
“_5 L 2 s forward pulse duration \l
g 10 1 s reverse pulse duration
(]
1 1 1 1 1 1 1 1 1 1

O " i " " i " " " " N "
00 01 02 03 04 05 06 07 08 09 10 11
Potential (V vs. SCE)

B 6.2 # &) Bk P & B AT BLA K ER A F o (RO &4 0.2 mol/L NaBO, ik &, 0.8 mmol/L NiCl, %
., S50 g/LBEK A, 25h RO EFIE])

Fig. 6.2 Effect of reverse pulse voltage on desulfurization efficiency
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6.3.1.3 IE [=1 Bk R (E]

& 6.3 o I [ Jiei e T BB R A . e BRI, AR R W A6 E S
A T B R ] FR R i S G 0, AR5 SOZ T B AR o I PR DB 1 e ke e ) B SE
KHAL 2L 5 NaBO, il % NaBH, i R B 8] o — g Y P, 3 B 080 1 ] kv s 1)
ARG, (HA2, WERIER K R, ot RARI . DRy e S
[F0) 20, 475 e L ) K e B ) A0 G 308 o fk e B T o P AR T ) 4 B 5 HL g () =
T T f e T80 >R A 0 K - 380 e Rk B T XA A I = L e P g R ]+ 32 g kv IS
A1) XAGIA IR E . AR SRR, 5B H AR IR B0 A3 [ Ji b i 1) — € iR 264 T, 3
AL [ B IS 1), K2 S BRI B gD, BORE- T B I R ik et 8] g b, AT
FEBBRCR I BEAC. ERRD, IRk R S )y 28 I, b e 18 2 i R AE .

80
Q) L
°§ 70F
> 60 / ~—
5 -
g o1 \
& L
v 40L
c
e [
s 30
N -
5 20 F -1.5 V forward pulse voltage
"—5 | 0.5V reverse pulse voltage
7] | 1 s reverse pulse duration
o 10
(a] L
O M [l M [l N 1
0 1 2 3

Forward pulse duration {S)

B 6.3 iE & Bk P i A s BL AL R el (RO & 4F: 0.2 mol/L NaBO, & &, 0.8 mmol/L NiCl, ik
J&,50 g/L BEK B, 2.5h R EFIA])

Fig. 6.3 Effect of forward pulse duration on desulfurization efficiency
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6.3.1.4 i [a Bk EFIE)

B 6.4 7 D38t [ea fiiaei i T BB R AR o el B R R, B 308 1 e I )
FIsgn, BEARRCRAIIRI IZHTIE N, SR )G SORHTFEK. W 6.3.1.3 THTIE, LIk
RS TRI AL, A e R A A ) A I 1 JD e I 1) — S RO A 5 308 1 ke I ) 410 Bz DR R A
—EVEE . F3 T3 T, 2 A KR TR KIS, AT A2 0 (R A) A R R 1 BO,
A AR AR TR, T E AL 218 SR NaBO, il % NaBH,4 fIA AL R FEAR, HHR
Pt R AR P Bt R o i L, A 1) A R R Bt 0 ] Bk L AR IS, B TT 2 ST
BH, B RS2 AL,  T0  fR i )R G, BHS B AL R 2, AT S BURE )
BH, JFA F TR R Bt 110 B A3 A A A P R B, XK 3 BUBURR R (1
BEAR . qadfipa) Bkl B R 1S B, B AR R A e KAH

o]
o

~l
o
—

N

-1.5 V forward pulse voltage
0.5 V reverse pulse voltage

Desulfurization efficiency (wt %)
N w i 18] [9)]
(] (] o (] (]

—
(o]
| E—

2 s forward pulse duration
0 [ N 1 M 1 N 1 N 1
0.0 a.5 1.0 1.5 2.0

Reverse pulse duration (S)

B 6.4 % &) ko i 8] A BLAR A E e %ok (RO &4 0.2 mol/L NaBO, % &, 0.8 mmol/L NiCl, ik
B, 50 g/lL K E, 25h R EFTE])

Fig. 6.4 Effect of reverse pulse duration on desulfurization efficiency
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6.3.2 NaBO, R [ X} B i S = 10 RNy

& 6.5 T/ NaBO ik XA AR e . EHIEI AT WL, B NaBO2 K JE 1)
BN, WEBR BRI GG R AT 0, 1T 24 NaBO, IR EEHE %] 0.2 mol/L B, BiAi sE A
PN, FEALRFFEE . KRB BAFIE R BO, il % 15 2) BH, bR 1 /N4 5 47
RSN, KR E S K R PSR (H PR, sk, 50
Rk e R B, AL 2 S 4 (0 BH, 342 30 1o v A 2 A8 AV Y T B R B, 24 m A
JRBIAR B AR B — B AT, AL EIE R BO, #4164 BH, 7= 3 . BH4 MU/K AR
AR K BH, AL = A TEFEE R =K R E T BT BH, R . AL 2L 5
BO, il # BHa HIH 1k 3R BE I Sk 2 NaBO, 1R FESE N3 1, 24 BO, 1] BH,
MIFEACRABIT BH, MK RS, KR BHy MIIRBER AW, Mifk R+ BHy
VA JSE AR IR A S N BH, B FAL 2 AT FEE . IR A 1 R K ) NaBO»
FLAK 23 S 46 (1) BH A T B0 110 B 38 ol el A 2 A T R, X B B R 11
REARERR. Hik, NaBO, i fEk N M 0.2 mol/L.

0]
o
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o
—T—

Desulfurization efficiency (wt %)
(O3] =N
(] (]

\
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o
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O
1

0.1 0.2 0.3
Concentration of NaBO2 (mol/L)

o

o
o

B 6.5NaBO, K Z 3 BLa s £ 6%k (R &4 -15V Edikitr ek, 05V #E @kt w/E, 25

E@pkAEE, 1s# @Ak E, 0.8 mmol/L NiCly & &, 50 o/L ¥EK &, 2.5h B B E)

Fig. 6.5 Effect of NaBO, concentration on desulfurization efficiency
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6.3.3 KRR BN BRFE R G R B B AR

H IS AR 28 2 FE AT H R 2L RSP AT R 2R, 1 2 TR B R UR s EL R S S B
VIRAE R R AR AT A R AR T . RO IR EE AR, & & IR L, ]
PR R PR R 5 SR A LB I B e, ISR s BB R - 2RI, 24k
AP B i, — U7 T = R EE (R N FELAS ¥ h - BO, 1Al AR il R T
M35 BO, Fetb v BH, (K77 S BEAR, AT AR BLAR R o5 — I i =g n i &
Ry HL BH T AR R, AT A BO2 #2400 BH4 Y7358, AT L A AR At 205
PRl AR R AFAE — AN EREAE . 1 6.6 BT SR B g o 1 238 2R A it ok Ak 2 )
SO o PP AT AL, P AR AR AR i o s B AR ) G IS T R (RS I ra 84 . SRR
SOZEFAR. ZJIERIKRIEZDY 50 g/L I, Wbt CR A o E . i il Bk A SR SRR
JZ24 60 g/L N 435 BB KA . AHEFELL 50 o/ L AE S R IR IE

N I
NI | | B
s 7 %%% i -
%40 : %%%%7/ 12 g
oml

o
N
o
)]
o
w
o
B
o
wn
o
[o2]
o
~l
o
o
o
[{e]
o

Coal concentration /g L
B 6.6 B R BT LA F AR & 0o (R £ -1L5V ERBkF©/E, 05V iE @bk
Wk, 2s E@ARa A, 1s @ @hkoFEtiE, 0.2mol/L NaBO2 ik &, 0.8 mmol/L NiCI2 ik &, 2.5
h 5 Rz B Ta])

Fig. 6.6 Effect of coal concentration on desulfurization efficiency and total sulfur removal
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6.3.4 NiClp 7 BE Xt Bt #7380 FR O 5 i

AAHT AR, NiCly BI1F 25 NaBH, SO Ak & AL, H TR i pLaiAL )
it = NiCly RSO EBA IS, BB A A2 i b, A e BLER S B 1 Py
i, BRI Rz, NIiCl, FIBEE 2y, BB T, i AR Ak
PR E TR, SO B AR 9 . B, NiCl B H0n & R fil 7 — A fE .
K 6.7 Fron 8 NiClo i B X BEB AR sz . TR, AERCA IR NiClo I+, i
BRACRARF AR 2RI, SN NICl J&, BB RCRLRIA TIRK IR o X151
FEMT NICL IR SE, FilidE B SIS (8] RGN, Rt RCR T AR I s 3 g, 10 24 S B — S I
A5, B RCR e =i e T miee, S SEARYERFiaE . 7 —Jrm, £ #E Rk
ES 8], BEAE NICl WG N, WAt ez @i . i H., B3 NiCl iR,
i Bt R 8 3] i KA 75 0 S B TR 92l o 75 B I, P S i 6 3 2
ALk BRR & S T HUBAL Y R A WL, 1Mo NiClp i FH & UG ma H A HLA
ISR AL 2 . 4 NiCl YR FEiA £ 0.8 mmol/L B, B AR 1 K& T g .

70

80 |-

50 |

40 |

30 |

20 |-

—a—w/o —e— 0.4 mmol/L
—aA— 0.6 mmol/lL —%—0.8 mmol/L
—v— 1.0 mmollL —<—1.2 mmol/L

10 |

Desulfurization efficiency (wt%)

0 L 1 L | L 1 L 1 L 1
0 1 2 3 4 5
Electrolytic time / h

B 6.7 NiCly ik 3t sk 09 %vh (AR &4: -1.5V E@mkiFe/E, 05V # @ikt ®E, 25
SE G AR EFTE], 1s3E @Ak ETE], 0.2 mol/LNaBO, ik &, 50 g/ HEiKJE)

Fig. 6.7 Effect of NiCl, concentration on desulfurization efficiency
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6.3.5 SR ER TR B BOFF 1 2 47

PO — RO TR AL S5, B TR B IR U5 i 7 RETRAT B AR AL
BB, I T BV IR T A 1 20 I UG A . K2 B A R, ks
LA . AR IARRSE, BARWT DISRIS BRI AR ACR, (A2, XL RR T VA AT
AN FIRE L AR RS H S AN SRR PRI R, AT BB i it o DRIk, K2 Hidk
WA A B A e A S PR B AT

& 6.3 HEaG A AL BB A5 M AT 4E R

Table 6.3 Analytical results of coal physicochemical and combustion characteristics ®

Parameters Original coal Treated coal

Ultimate analysis ( wt %, db)

C 71.27 69.29(-2.8%)
H 6.04 7.13
N 1.02 0.84
S 6.16 2.21(-64.1%)
O qifr 15.51 20.53
Sulfur content of different forms (wt %, db)
Pyritic sulfur(PS) 1.93 0.35(-81.9%)
Sulfate sulfur (SS) 0.57 0.12(-78.9%)
Organic sulfur (OS) gis. 3.66 1.74(-52.5%)
Combustion characteristic
Calorific value (J g™*) 24267 24703(+1.8%)
Ignition T/°C 483 473(-10)
Proximate analysis (wt %, db)
Ash 20.1 13.8(-31.3%)
\olatile matter 8.2 6.5
Moisture ° 16 1.4
Fixed carbon gjts. 70.1 78.3(+11.7%)

AR A L5V E@kPRIE, 05V E Aoy wE, 25 EAbkob e, 1s i Akl et
&), 0.2 mol/L NaBO, ik &, 50 g/L Btk &, 0.8 mmol/L NiCl, K &, 2.5h & & B i)

ST
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Hatic 5B iDL e I A0S SENE NaBH, i J it i — F A 2 P A 1R I P T P

AT T #%%5 NaBH, 14 J7 B i — F A 27 P A b Rt ekt SR R s, o S B
HIJ (85 AR DR PEEAT T 0 W . 3R 6.3 BT S Bume 57 Jo i 0 BRAL RO RIGe R 1 23 A
i, RN, ERBRBCRIT, SMRNE, AR . SRR H A
WUBRHA BORFR BE AR, P BRAG BRBR 1 B s R e, T8 31 81.9%, BRI Hh AR K
2, BN R SCR AR, N 52.5%. RSB FRICRIER] 64.1%. 1ZMAT4SE H 5
8 T3 40 A 2 S 3% 1 o i 2 R 1101081 (L g 8 gy A B 0k 4 i s o 1101040,
VAL R T, S SR fE, B EE TR E R R A T AN ERRE W
B, BN, B EBEKT 2.8%, A& BEHARMIEE, mMEAMAEESE —
FERERIIE . H4h, G RBIG, BERKS& R TR T 31.3%, i [& ek & &

T 11.7%.
TEBRBERE P 7 0T, AT 50, B ANE KRR 2 FIR SR ekt i A BB S 4L,
MIX AN SEE N EE SRS TR E 8 M T ik o o 5 0% 18 3k 6.3

AL, SRS, BEAVE M 24267 Jig 36N £ 24703 J/g, 0T 1.8%, MHEHIHE K
RN 483 CREAREI 473°C, BAMKT 10°C.o MERMREEREVEAR (b 25 5 5 H B Ak 2R M 10
ARG R AT A . B, D [ B A T e S AME T R AR R B
= REEBRMI BRI, EEAR S & B RAR IR FEm K T & = 1 PR, P 148
ERCR AR FEUEIME T 5. 255 UL BT, NaBH, 3 JR A — b 22 A i
LA TR, T SRAFE m B BR AR, JBAR 5 AN 22 xRy ot B de e 3R, i L
SRR PR — e R = A

6.4 AZFENG

ARFEXT NaBHg & J5 i — Fi Ak 2 AR BCA HOR L TR i R AT T %%
LIGLE R R, RERM AN 15V IEF K EE, 0.5V Sk EIE, 25 IE
[ ok i 18], 2 s 39 [ ke 1], 0.2 mol/L NaBO, #< %, 0.8 mmol/L NiCl, # %, 50 g/L
WEIRPE, 2.5 h RN TESbB fE N2 AF R, RIS BRI R B 1 64.1%, vk
BRI PR B0 o R e b vy, TS 3] 81.9%, BRPRER BRI, MLBRALEE N 78.9%, HHLE
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[ it Bk R A, (NN 52.5% 0 3 I Xof it it iy J R (18 P B 2 ARG R 1k AT L A7)
B, GORRE, OSBRI S8 N T 31.3%, [BEBREES 1 11.7%, #ME
BEINT 1.8%, FHKFFEK T 10°C. PLESTREW], NaBH, it R fifi— Hifb 2 i Ak
ERORR TR, FTERAF B i A BRI S BB IR AN DA 2 X it Jo 38 F A
111y HL SRR A R AT — s I ER iR
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7.1 &g

NaBH, 72 iRt 7 I 5T, R ERAAAE T, T FH T A LB A 30 S5 ik« 225 T 8L,
AHEFLLL NaBH4 38 JE By A, @S 1 PFmsr B e 77 %, 5 A A k47
Wit — 5T, T SRR - R IR T S T O ) i Ak EE A
HMEIER A, LU NaBH,g 38 JE BBy A B A i g, @Ear 1 2KH-E SR KA I i 7 i
T X BER . 3— T, T BT S, 4 NaBH, 38 JR B it 77751 NaBH,
HLAL 2 SR 46 T IR A lE ok, BT 7 NaBHg 38R BB — stk i A0 ik, W
SRR AN REAT LR, ZERRRHBLAR )[R SE I 7> NaBH, JEFRFI T, AT KK BRI
Fi B 2% FH o AT SO0 T W AR I A 7 92 FH AR AR 5 At 1) S N S A B AL B B it
Bt FE R R T RIS ML EAT T 5 o $RH T R AR B AR S B Ak A, WIE R R T R
SSHLER o Z PR HT R 7 VA AL, R 9 SEI NaBH, 38 5B e Mk A N 355
i, AT BRI A B AR TV SR AR ik e . AR EES R

(1) I BR300 JR I Ay ot A R S bRy i AT AR . T FH AR H0GR O B 7
P&[Campyr][OTH], HFIH NaBH, FUEEE AT I0 SR IAAR o S6of Wt Bt i R 1) I 2 2% A S B
WA PR AETERE AT T %5, 45RRY, BERRNKMA: BIS BE/RFE=9, Ni/S
JEIRFE =3, BT /KE=5%, M/ FRAEERL=3, KMNE =50 min, 7E
SRR, BT I S R RAE B 97.2%,  SERRIEIH 1 IR RCRALU A 93.3%. BT
WA [Campyr][OTF£E SE bRy H JL-F- JC Ve fig T SE BRyR 78 B8 1A TR s iR 2 40 0
4.5 Wto%. I8 I AR SEIR OO a6 2SI AN AR B IR I R HEAT e AT, ARk
W, S5RGBT, T4 PR IR TR B RAATAT AR, T H, A
TR RGBT AR ERE , R FAEIER — K, R ARG AR R
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(2) XA — 8 JFIE A V2 M A 10 S AL % R R 1) 2 AT T 5%, 45 R
R, AFE A PR BBRIE TN Ay ZRIF ey (2R IFMEmY ) > 3-F IR
Wy > 4, 6-HIE IR IREENY, DI R SR BBV AN [F) A HLBR A A 1 LR i
FEZ AP EEIER AL BR A f] o BT 2-FBEEmy . ORI MR AL 4, 6-H
B ORI WEWY I R = M HEAT 00T T T SRR MLBRAL M IR R R N BR AR, [ B
PRI 3 bt 48 S 2 B T P 0 WL LA B S A BB A S P SR [ T
w5 B AR B I B AN 2 R IR Y e R o S [ R R A 1 S R A
F¥H: NiCly (Ni(OAC)2) > NiSO4 > Ni(NOg)p. X SN FE 2 A () & /KIS R e & &
BEAT T30, S5 RRW, JUP R BRIBAS L, S* I SAELE, MY )LT
T4 NipB, K5 NaBHg FI TR A AL /M2 H) NaBH, i T5
NiClp J Riffill 4 NipBo S22 By (K RSBl 1 5 kAT T % %%, S5 R
TSRS LR A 1 S By PR O 5 82 #48 e A ( 1 5 e — 2Bl /0%

(3) JE it NaBH, 14 Ji i — Fifh 27 P AR g A2 %o A58 A S Bs e B AT B A o it
TAE AR BT G WA R R b X AR A A, S Ll AR VLRI R A, T I K
ML HEAT B . X AL SEIE IR NaBO, fill 2 NaBH, L2 ) Fi fiff i 3 [ A i i A2
(K1 RS AT T 258 . B AR R 2 T HAL 28 SR NaBO, il % NaBH, i 72
(¥ PR Y A —1.2 V 2-1.8 Vo X BB It P (4 S B0 24 A 3R A R 1, e IR B 4% 1
HN: -1.5 V IER kP, 0.3 V ikt i, 1.5 s IE R Bk RIS TE], 0.5 s 386 ] ik ik
6], 0.2 mol/L NaBO, # /%, 1.2 mmol/L NiClp # &, 1/3 i/ iARR LL, 1.5 h v
I 7E MR S R ZR A T, AR 5 PO IO B 0 TR 21 93.3%,  SIZ i 58 14 JB B 280 36
1 °H 86.3%-

(4% NaBH, 34 J5 i i — FLAL 27 P AR T R 1) S SEATLEEE % R R ) kAT T #5488
UB LIRS AT LR, U AR AR A IS I A I AR, R R D ke e
JERT, 7] PASEE AL 208 S5 NaBO, il 2 NaBH, it 72 . it A (5 — i ik B FH A7)
BRI BR =, B8 T S AR HUBR AL I BB B B B AR o X SR 3 R AR
B KR BTC 3 & B AT T 0 A, S5 SRR B, JLF R 53 i Bk ) i #8 #% 31 17 P ik
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i, BRI SR L Ni LT #8774 NioB, KElor 10 B 55% B 76 Bl b, X
UL 431 B AT LASCEIE AR o[RS, B8 7 BIACE AR A A0 S B S 10 i
B LB 1%, 45 FE 3R WA R AR AT HUBR Ak 4 0 2 o 53t 110 P % 2 I #8545 1 —
A INATIPAL

(5) JHiL NaBH, i J5 AR — Fi Ak 2 B AR SRR AT AR . BT T4 fa Al o 5
T4 I SRR A S AR R A 5, 2 AR O VAT SR R, 388 i ik e R AT
itk o of JE AL I R ) S L A R PR 5 R AR A AT T 25 8% o e IR I R I S R 2%
e iE RN, FtERN M N: -1.5 V IEFfksh BEE, 05 V kol dE, 2s
IE A fik st 1E), 1 s 3 A Bk A1), 0.2 mol/L NaBO, i &, 0.8 mmol/L NiCl, ik %, 50
o/L JEWKSEZ, 25 h B E 72 OV AT, R B PR A R 5 31 64.1%,
HAP R 1 B R e s, TAE 81.9%, BRERERFRIKZ, WK A 78.9%, HHLHR
(R B R R R B, (XA 52.5% 0 KT B HT i A5 ) P B A 27 AR R PR R AT T L AL A #T
GEREFH, BRE RIS SR T T 31.3%, BEmS RIS T 11.7%, BkAvE
T 1.8%, FHKEEEIKT 100C. PLEZIREN], NaBH4 &5 Bisi— b2 i
FERLH TR, WIRAR B MR, ORI R AN AN 2% 1 5 o R
iy FLF R R R MR AT — s B i VE

7.2 BT

ARSI BT A E IR T LA

(1) 3t NaBH, 314 J5 B /7 12 A B 1 A A B AR T VR e G te sk, S T #8 7 it
B, LT REE 3 SRR BT i o R T IR 2k K BT R (K AL,
HAPEHE R T RS ATLEE

(2) 8 NaBHq & J5 A 7715 F1 NaBH, HLAL 2208 5 i 45 5 VB A SR, BT
PR AN BT, EL T NaBHqg W8 J5 BT — Ak 2% B A AR i AN BB 7 7 i R0t
T SRS AE R AR SR A R, JER] R R T B B SR B

(DAL 45 B 5 91 B PR AR R Jk e Pl S 51 N NaBH 4 348 Ji i i — Pk 2 AR I 7
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FERRRHBLAL 1Y) [F) I SE B NaBH, fEAAI ], FEARBLAR 2% . O NaBH, 38 i i i 5 A 1Y
TAPACTR M 18 %

7.3 RHE

H T IS ) BRI, A7 S TR i R B — P I St SRR, .

(1) AWFFALFE L | 1-T FE-1-H FEME ISt = 5 F IR &5 ([Campyr][OT]D 7EA<
B3 JR A 0 A B R AR AR, s 1% B8 VRN A B, T HL S bR 7 1% R A
HA— 7 B, AR TAE ATt — B TR VEREEE 47 . i SEARH B ilfAk, Bhik

AR E AR AR, B 2 H .

(2) 7E NaBHg4 & J5 B ii— AL 5 B A R o, AR FEOARO T I 280 =2 TR I
BAEREEMIEM, AP FRANEE T DB RARL, @il e A S ARE
H1FHB I &R I BT NaBH, i& 5B AR — b B A FE R R AR,
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