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AFT (aflatoxi
Carcinogen!
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per year |
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HOW TO UTILIZE THEM



Food and environment safety

Biodiesel (BD)
Bio-Jet fuel

Reduce CO, emission

10 million
tons of |Green Conversion/

waste oils



BIODIESEL 10 million tons
Or JET-FUEL 6 million tons
50 billion CNY

60 million
BIO-plasticizer 147,4 tons
3 million tons cooking
21 billion CNY BILLION wastes
30.8 billion
CNY ey

BIO-surfactant
1.9 million tons
45.6 billion CNY
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Main components Impurities




Special properties of
wastes cooking oil

OLarge molecular
size , 4.4nm

OHigh viscosity

ONot polar

OComplex ’

composition of FFA



TWO CLEAN PROCESSES

A: _| _|
WCO > BT | trEST > Aicnion MO

WCO - | Hydrolysis, hydrogenation
Hydrogen Isomerization, cracking —>




Core technologies

1. SOLID ACID

2. SOLID BASE

3. ACID MOLECULAR SIEVE
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Methanol




Mechanism of solid acid catalyzed
esterification reaction
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Solid acid category

(1) Solid superb acid
( 2) Acid molecular sieve

( 3) Carbon based solid acid

(4 ) Polyoxometalates, POMs

( 5) Cation exchange resin

Hy<11.9

Ordered
Structure

Biomass based

Condensation
of metal
oxyacid

Polymer
network

S0,2/M,0,

M@Si/Al

cH,SO,
sulfonation
HPW series
Slightly soluble
in polar solution
cH,SO,
sulfonation

L/B

L/B

B/L

B




(1) Solid superb acid ( 5042'/MX0y5

Hammett acidity indicator, Hy<-11.9 , stronger than 100% cH,SO,

Bronsted acid site
Lewis acid site tO,.

O The L-acid is site formed by the coordination adsorption of SO,
on the metal oxide.

O The B-acid site is formed in the drying and calcination of the
catalyst as the structural water detached from the surface.



v SO,2/Zr0,

170°C , Methanol/acid20:1 , catalyst
loading=3 wt. %, 1h , 86%

v Fe,03;-Mn0O-S0,%/ZrO,

180°C , Methanol/0il20:1 , catalyst
loading=4 wt. % , 4h , 96.5% , After 7-

times reuse-85%

v HCISO;-ZrO,
100°C , Methanol/acid8:1 , 3 wt. % ,
12h, 100%



( 2) Acid molecular sieve

High surface area (1000m2g!) , ordered
structure , stable structure

Acid sites can be formed :

« Structural Si/Al (L)

« Covalent loaded by other acids ( solid
superb acid , POMs , Ionic liquid, etc.)

« -SO;H covalent carried ( by cH,SO,,

HCISO, )
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07/ \Yo” \ )
hydl:ophobic components alkyl-bridged components
(oil, FFA or FAME) (R =-CH,CH;- or -C¢H,-)

| 65°C, 1 atm. , SIS Ee methanol/0|l—24 1]
- methanol/oil=90: 1 24h , 15 wt. % , continuous |
| , Swt. % 90% reaction 75h , 78%

_____________________________________________________________________________________________________________________________



( 3) Carbon based
solid acid

O Based on biomass, greener

synthesis procedure

- -COOH
. -OH
¢ 'SO3H




v Incomplete carbonized
cassava residue

90°C , methanol/oil=18:1,

catalyst loading=5 wt. % ,

94% , 5-times-reuse

v Incomplete pyrolysis husk
110°C , methanol/oil=20:1 ,
catalyst loading=5 wt. % ,

98% , 5-times-reuse



(4 ) Polyoxometalates , POMs

POM is a kind of oxyacid that is formed by
heteroatom (such as P, Si, Fe, Co, etc.) and
multi-atom (such as Mo, W, V, Nb, Ta) with
certain structure through oxygen atom

coordination.

Acid sites can be formed :
® H+ from POM salts
@ Hydrolysis of negative group in POMs preparation Water soluble

PW1,0,0° +H,0 -> PW;,039>+WO,% +6H* Slightly soluble
@ Clathrate water ( with metal core ) hydrolysis in non-polar
Ni(H,0)m2* -> Ni(H,0),.,_;(OH)*+H* solution

@ L-acid sites from cationic group
® Reduction of metal ions (with H,)
Ag++1/2H, -> Ag+H*



v SiO,-HPA

65°C , methanol/acid=8:1
, 8.2wt. %, 2h, 90.4% ,
5-times-reuse

{s

AccV' SpotMagn  Det WD BExp |=—&—1 200pm
250 kv8% E:OUOU‘;‘ SE 1190 . < H

[MIMPS]3PW;,040

[ QMSO3HI PWQOGIU v [c16H33N(CH3)3] HZPW12040
3 65°C , methanol/acid=13:1, 30

[PyPS]3PW1204g S A -
Cate wt. % , 0.8h , 96% , 6-times-
lcsz—@f;l—(CHz);;SO;;H PW,,0,, Feuse
C2oHs 3

[TEAPS]3PW;5049



Limitations of the above 4
kinds of catalysts

x Limited activity

Scale up

X Severe reaction condition .
Application

x Short service life ‘ unable
x In powder form, hard to be recyc

X High preparation cost



( 5) Cation exchange resin

Network structure , large pore size , -SO;H acid sites

H Hy
C C

L) @
SOsH N

Ox
@]
Ox

H H> Hy H
C C C C C _
H Active
Main structure site

Divinyl-benzene

SO;H SO,H
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Macroporous : Amberlyst 15, GIEC-ST309 e

Gel-type : BD20




Catalyst for oil de-acidification of esterification reaction

Ssh & P AR R AL

Oil de-acidification pretreatment for biodiesel production

LU= 7K P=3000mE 4 S h i

Pilot scale test of 3000t/yr biodiesel production in Sanshui, Foshan

QUALIFICATION & PERFORMANCE

FERS: BZH-_ZHERRY
Content. Polymer of Styrene and Divinyl Benzene

HRER: 150-180 m? gt

RE#AE: BERREXRNSB
Reactor type: Fixed or Tank reactor
AT 10-20 wt% (M)
Catalyst loading. 10-20 wt.% (Oil)

Appearance. Opaque Sphere

RY (HB) : 0.1-04mm
Size ( diameter ):0.1-0.4mm

FFAs Conversion. > 98%

Phlot plant for 3000Uyr biodiese!

O GIEC-ST309
150-180 m2 g1
100°C, 10 wt.%
Methanol/acid=18:1
Higher than 98%
Service life 200-300h



CATION EXCHANGE RESIN
A promising catalyst for biodiesel production

OStable structure ,

OHighly active , long

service life

OEasy-recycled-form >
(0.3-0.4 mm sphere)
OCost-efficient



Cation exchange resin-Problem to be solved

Hydrate cation -SO;H is hydrophilic

enough to absorb
generated H,O to
form hydrate cation
that prevent the
substrates from
approaching the active
cites

¢ CHj;
N\ _R /
Uie 125 12 0 /C H—O H#E

FFAs HO Methanol
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Trans-esterificationj_

" ey

Q- |:|+ \

| |

E : o / O- "
| E :

M—0 ] )I\R1 -
) .0, .R» M &
/diQR Base H,C—OH

R

3 Catalyst |
@{)CRz =L303@H3 OC-R| + HC—OH

3CH,OH -+ |
Ajc,ioocm | H,C—oH
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Mechanism of solid base catalyzed
transesterification reaction

(a)Methanol splits into -CH;0- and -H* on surface of -M-0O-;

(b)-CH,O- then attacks the -COOH to form an unstable intermediate;
(c)The intermediate then decomposes into a FAME and diglyceride anion;
(d) Diglyceride anion then reacts with the H+ from methanol to form a

diglyceride to finish the first cycle of transesterification reaction.



Category of solid base

( 1) alkaline metal/alkaline earth metal oxides
( 2 ) alkaline metal oxides loaded transition metal
( 3) hydrotalcite

(4 ) base molecular sieve



(1) Alkaline metal/alkaline earth metal oxides

& -
Defect

The base sites can be formed:
(a) Cation defect;
(b) Crystal corner/ edge/ defect of low coordination atoms

and high Miller-index surface turn to have stronger basicity;



Alkaline metal/alkaline earth metal oxides

Methanol FAME

Metal oxides Subgitlrate T(icr%p. Time/h to QOil yield
(mol) (Yowt)
Ca0 Veggitf‘b'e 75 0.75 4:1 >80%
Ca0-Zn0O :
. 0
(CalZn=0.25) Palm oil 60 1 30:1 94%
Li/Na/K-CaO  Rapeseed _ 0
Li-MgO oil 60 3 6:1 90%

Compared to single metal oxide, co-doping/mixed
metal oxides shows higher activity



(2 ) Alkaline metal oxides loaded
transition metal

Substrat Temp. Methanol  FAME

Metal oxides : o Time/h to Oil yield
e Oil /°C e (Yowt)

NaO-Zro, Sog’i‘fa” 65 3 30:1 98%
TiO, Sog‘fa” 65 8 40:1 >97%

Transition metal can catalyze EST and t-EST
reaction simultaneously.



( 3 ) Hydrotalcite

- Hydrotalcite or

hydrotalcite lamellar double metal hydroxides:

2+ 3+ X+ Nn-o OH
[M2* M2 X(OH)I<* (A)™yH,0 W,MWM
OH

where , M?* = Mg?* , Mn?* |, Zn?*, etc. , @ e I .
nterlayer
spacing

M3+ = A+, Fe3*, Cr3*, etc. ; M

A - C032' ’ CI- ’ N03- . OH-, etC.o




Category of hydrotalcite

Methanol FAME

Substrate Temp

Hydrotalcites oil oc_ Time/h to Oil yield
(mol) (Y%owt)
hydrcl\)/igl_cﬁle_gacliglyst Cotton. .
(HT?2) seeds oil 200 3 6:1 99%
[ALLi(OH),],CO,-nH,0 Soyot;fa” 60 2 15: 1 83%
CaO-La,0O4 catalyst Rapeseed 58 1 20: 1 94.3%

oil
Highly active and tolerable in high water or FFAs

content

Metal ions leaching



(4 ) Base molecular sieve

Catalysts Subéitlrate Tjg&p Time/h
MgO/MCM-41

MgO/Kit-6 Veggitlable 220 5
MgO/SBA-15

K/SBA-15 Palm oil 70 5

With larger pore size, thicker wall,
higher thermal stability, SBA-15 is
more suitable solid base carrier
compared to MCM-41.

Catalyst
loading
(Y%owt.)

FAME
yield
(Y%owt.)

68%
82%
96%

93%



Problems to be solved for solid-base

. Active sites of alkaline metal oxides (such as CaO)

can be poisoned by CO,, H,O in air easily.

- The metal ions are likely to run off into the liquid

reaction system, then the catalyst service life is

shorten.
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De-oxygenatign

— i
R Triglycerides [

Ay o W
RLT0 n \M/FFAS Long-chain

Alkanes

ydrogenolysi

Short-chain
Alkanes

—@— : metal center
\M/ SHEE
X

--A-—: acid center

IS0



O Microporous MS (d<2 nm)
« HZSM-5
« SAPO-11
« HB-MS

O Mesoporous MS (d: 2~50 nm)
« AI-MCM-41
« AI-SBA-15

O Hierarchical MS (d: 0~50 nm)



» HZSM-5

Mo/HZSM-5 (2)

N

M

Mo/HZSM-5 (1)

’;: 1 NiHZSM-5 (2)
S -
] |
41 1 h Ni/HZSM-5 (1)
s ) ‘J‘ ‘\ e (SN, WPV i AN, ﬁ/“«‘n“\r\/J\,,\/\vJv-\wi_Mm_vw“"/\‘\-*\fw\v
HZSM-5
1 1 1 I v
10 20 30 40 50
20

XRD

M

FI
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Temperature (K

V V

Pore size 0.56*0.53 nm  Over-amount strong acid sites
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» SAPO-11

MMWW\,W_SAWW -

10 20 30 40 50

20 (%)

XRD SEM

Relative intensity(arb. unit)

Highly crystallized AEL structure



a"ﬁ ’

Intensity (a.u.)

T%NI/SAPO-11 a

T%NI/SAPO-1 1

T%NI/'SAPO-11C

TNYSAPO-1 | commercia

T y
400 450 500

I Y Ll I

550 600 650 700 750 800

v v W
P Al 0 Temperature (K)
NiMo/MSP-1  NiW/MSP-1  NiMo/MSP-2  NiW/MSP-2
<C15 25.32 13.7 13.6 12.13
1 6.37 11 3.61 9.07
C16 12.51 6.6 13.9 8.8
C17 22.4 51 27.7 40
C18 33.4 17.7 41.19 30
C15/C16 0.51 1.67 0.26 1.03
C17/C18 0.67 2.88 0.67 1.33




> HB-MS

o NiO(111)
o NiO(200)

15% Ni/Hp -reduction

10% Ni/Hf§ -reduction

;o

5% Ni/Hp -reduction

SEM/TEM

Intensity(a.u)

Concentration/%

1 I 1 I 1 I 1 I 1 | 1
10 156 20 25 30 35 40 45 50 &5 60 65 70

—k— Saturated FAMEs
—8—C -C _alkanes
—4—C  alkane
—A—C, alkane
—0—C,_alkane

—®—C  alkane
—¥—FFAs

XRD

Time/h



DRAWBACKS for MICROPOROUS MS

OHZSM-5

Much small pore size 0.56*0.53 nm -> low activity
Strong acid sites -> over-amount cracking

OSAPO-11

Much small pore size: 0.65*0.43 nm -> low activity
Lack of strong acid sites ->almost no cracking

OHB

Much small pore size: 0.67*0.60 nm -> low activity
Not matched acid strength -> no isomerization



Mesoporous MS
(d: 2~50 nm)

« AlI-MCM-41
- AI-SBA-15



> AI-MCM-41

Intensity (a.u)

(100)

(110)(200)
&

Al-M(80)
Al-M(60)

Al-M(10)

Al-M(100)

2 Theta (°)

Adsorbed volume(ml/g)
] L |-

=N
S
S

73
S
S

s
S
=3

s
S
=3

ALM(40) | oos}

A AWM
A-M0) 5 F

Highly ordered hexagonal structure -

Hydro-thermostable

Pore size 2-4 nm

Surface area high as 1000 m?/g



Absorbance (a.u.)

B L

@)

ZSM.-5 v
AEMCM-41 \

ALMCM-41(F) ;
¥ 1 " L A L A L A 1 A

1700 1650 1600 1550 1500 1450 1400

Intensity (a.u.)

Wavenumber (cm™)

ALMCM-41(
Only weak
T ARMOMAT ‘ acid sites
= ax
i R i
w0 e 0 s

Temperature (K)

HZSM-5 Hp Al-MCM-41
Pore size (nm) 8'5513 i 09'5555 &gi i 8.2 2.73
Area BET (m?g) [ 330 519 1007 ]
External surface
(m2/g) 38 183 85
Pore volume
(cm¥/g) 0.18 0.17 0.83
Si/Al ratio 22 25 119
Acidity (mmol/g) 4 2 2.1 0.3 )
Acidity (weak
acid sites) 1.2 1.1 0.3
(mmol/g)
Acidity (strong
acid sites)  \\ 0.8 1 L)

(mmol/g)




> Al-SBA-15

(a)

Intensity /a.u.

(100) (a) ] -
7\
Z "._.~(1-1Q)S?-9?)7 Pd/AI-SBA-15(22)
e PA/AI-SBA-15(50) _3
—— | § | ArSBAG1S)
< | ASBA(37.5
Pd/ALSBA-15(100) E r AL LM A A D .( )
o E-]
§ Al-SBA(14.5)
<
Pd/Al-SBA-1
e AN o ALSBA(145)
£ | ALSBA(8.5) - o~
£ A\
e o Al-SBA(8.5
PASBA1S | = [aLsBa2) - W, ALSRAA)
[ &‘J/\& ALSBA(6.2)
" 1 1 a i I "
0.0 0.2 0.4 0.6 0.8 1.0 10 100
Relative pressure (p/p Pore diameter (nm)

ﬂlexagonal structu re\

Surface area > 500 m?/g
Pore size 8~9 nm

Wall thick 6 nm

u-lydro-thermostably




Mean pore

Acid sites distribution

Catalyst Sger (M?g) Dpao(nm) .
(nm) Weak Medium + Total
Strong_j
Pd/SBA-15 If 817 | If 59 | 195 ﬂ - 1\
| |
PA/AI-SBA-15(300) | 766 | 1 57 ! 16.1 0.78 - 0.78
I 1 ! [
PA/AI-SBA-15(100) | 671 ' | 6 ! 16.1 0.81 - 0.81
I 1 ! [
Pd/AI-SBA-15(50) § 708 ! | 58 ! 16.1 0.85 0.05 0.9
I 1 ! [
PA/A-SBA-15(22) | 675 ! | 6.8 | 15.5 0.73 0.49 1.22
I 1 ! [
PA/HZSM-5(22) | 320 1 | 055! N \@9 1.57 3.4y
e [ liquid product = 250°C reaction
90 %hydrocarbons ;,{t 80 4 :]300"0 reaction
80 =
2 =)
= ] v 2,
E 60+ / , e
Tl e
> 503 Pro)d/yc/t only c id,
§ :
Ban] £
& -
20 , ) (.,),
10 i o
0 T

250
Temperature /°C

Supports




DRAWBACKS for MESOPOROUS MS

Al-MCM-41 and Al-SBA-15

» Enough surface area and pore size but
low total acid amount.
> Not enough acid sites (weak acid sites

and mid-strong acid sites)



Hierarchical MS
(d: 0~50 nm)

Hierarchical

0

Micro <ssssm)> Meso

Small pore size with Large pore size with
strong acid sites weak acid sites




Triglycrides

~ v

.

o

Hierarachical MS
FFAs/FAMEs

linear unsaturated

FFAs/FAMEs
(linear)

I



TCD signal(a.u.)

»

Weak ! Mid | Strong

Temperature(°C)

v

/I:IPore size A

® To reduce mass transfer
resistance.

® To make in-pore active
acid sites more accessib

k le to the substrates. /
4 )

O Active acid sites

® The strength and amount
of acid sites should be
compatible to the three
reactions in order to
balance Cracking (Strong

acid) and Isomerization

k (Weak acid). /
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