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Synthesis and Applications of Reusable New Solid Acid Catalysts

in Biofuel and Pharmaceuticals Preparation

Abstract

The production of biofuels is of significant global importance for reducing the
impact of environmental pollution and for conserving finite energy resources. However,
catalysts used in present industrial processes for biofuels production are strong acids or
bases but all in liquid form, which are not environmentally-friendly and cannot be

regenerated.

A new solid acid catalyst, TPS-SBA-15-p and several known solid acids were
prepared. In comparison with known solid catalysts, TPS-SBA-15-p demonstrated

excellent catalytic activity and reusability in the production of biodiesel.

TPS-SBA-15-p was also studied in dioxane hydrolysis, a model compound of
cellulose. The results showed that both the nucleophilic group and the Brgnsted acid
site are needed and have to be in the vicinity to hydrolyze dioxane. The high conversion
rate of TPS-SBA-15-p, demonstrated the requirement of a synergistic effect in the

reaction.

After the study of dioxane hydrolysis, TPS-SBA-15-p was used as the catalyst in
the hydrolysis of cellulose. It showed high selectivity in forming levulinic acid and
n-decane. However the mechanism for the production of decane, a component of

gasoline, is under investigation.
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Chon c-"'c'x Raflux, 24 h. xx,mé"ﬂx
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(4 & F chorgd RE)
5 FMBOLFTEE
£ 1KEE 1T E A4 5 9% SBA-15-p ~ TP-22 TPS-H4 4L TGA 22 4t
TG AT AP CERF o d £ LT 0 d 0GB A A
Sl s FRAGFEIHAR T BRI ERIGF SRR A G #
CERN Sl R RO R SRR LR S A

BEAEBA L - BRE



301 AL B

Acid

S
. S Content  Capacity(mmol BET 3 ® (hm
Silica sample (mmol/g) ) , V__(em/g) o(nm)
H /g) (m/g)

SBA-15-p - - 823 0.98 7.0
TP-SBA-15-p 1.011 - 513 0.65 5.2
TPS-SBA-15-p  2.087 1.012 362 0.32 3.5 l
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1. mpgivenz § 144 (Sulfated zirconia ; S-ZrO;)

(1) B~ 3.3 1 ZrOCl, » 8H,0 £ 7.92 g i1 (NHy) 2S04 3§ 5 7 4k ¢ 4

R L ERBWLFY I8 RH AR TkF o

(2) & 248 1°C eug 28 3 700°C > & 4 700 °C sad% 5] P i® 4%

ST TR SF B R o [Refl]
2. 4% i*$ (Tungsten zirconium oxide ; W-ZrO, )

(1) 2 3.3 g 5 ZrOCl, « 8H,0 4r 0.2 g 7 (NHz) H,W1,040 £ 1.0 g £
NHiNO; * IE T/ ok ¢ $o 3838 £ » ¥ R B30 5 § ¢ 18 [ pFo g 2 &
/,,\ Vi v]’{?J{ ;F o

28 % 600°C > # 4 600°C i 5 | Frit &

1°C e
BhZ TR R %4 o [Refl]
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(3) % % B~ 2 g ¢ P123 {r 0.3248 g 12 ZrOCl,-8H,0 i3 f2*+ 2 M 1 HCI

B 3t 10°C T 4E F A A o

(4) HF 2 35°C TokipE R - X8 4er 4290 TEOS 5 2 /) pE1s >

£ 4 » 0.4 g = 3-mercaptopropyl trimethoxysilane -

(5) #-pt i3 %>t 35°C TR B4 24 ) PETS > B 90°C Tk A 24 o pF o A
4 kg o 5 iR o ke 2 100°C T g 4] pERS > 1 15 L
SIEIOH %78~ 24 0] 5 > 455 =0 > % 1R P123 ficde 2 5 9P

SETEE

(6) £ 12 5 mL H,S;07 £ 15 mL H,S0, B 1+ 7k 5 = +90 °C £ fis 24 -] ¥ -

#-SH AL ®% v SOsH A H -

(7) re-kiie ~ §o% > =& o [Ref 2]

Amberlyst-15: ~ ¢ 2% @ * aoff4id Sigma = P pEEF v A G 5 50

m2/g o



(=) B i R

1. TR XRD F2

t T-phase for S-ZrO,

M-phase for S-ZrO,
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2 theta (degree)
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\ ¢
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5 10

AR - W e E R AL e 7 XRD ¥Rl fs

55 60 65 70

R ISR IR i £ g

2 e XRD B 7 v Aip s & S dAp e e 4 o

10



I

2. AMEaEE LA
d % 2 ¢ 74> Amberlyst-15 ez € 8975 f§4-° % 1>
TPS-SBA-15-p 2 fié 3 £ 2.%7F p Wif4® 5 B35 0> 7 W-ZrO, e

faz E5 0o

%2 PRz £

R L it 7 £ (mmol/g)
TPS-SBA-15-p 1.012
S-ZrO, 0.32
W-ZrO, 0.18
PS-SBA-15-p 0.92
Amberlyst-15 4.2
R AR

() RIREE Y B F &

1. P~ 0.1 mole sz 4#fL ~ 1 mole =07 Az ¥r 0.58 g ff 4 (1wt%) - %

100 mL nlf] & 5T P 4o £uie g o
2. AW 36 pFILE 9 ] pFRFE~R > 12 Shimadzu GC-2014 | -
() P& FenE& 2 F R

1. B-2gehe g~ 1g erfrpe A w]22 0.03 g o4 (1wit%) 2 % 0.0015g
R4 (05 W%) 73t @ 4o 3 70°C» A | F Ji 20~ 30 11 % 40 4

ﬁ o

2. @& * 'HNMR g2 A4 o
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L B~2g gk ~A0mL sk 2 029k S fIEE T Bt R F

e s 3 150CF B 7 = o

N
%r;;;
[

Prit (78R HARICE 150 TGA R 7 E R AR RS T on

8 @Rkt £H % (conversion) ; RRRI T T EIFL

|

£ 5% * GC~GC-MS 112 “CNMR it {7 & 4+ chgr%_» ¥ 11 & % GC

£

EEW G @R LA OERAS (yield) o
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1. P~ 0.1mole =4z f& ~ 1 mole 77 f3 22 0.58 g cHff 45 (1 wt%) » % 100
mL HAF] A FL ¢ Ae At o
2. AW A3 N6/ E 9 ] BFB4k > 11 Shimadzu GC-2014 # ip) -
=)FL 8%

%3uuwﬂwm@ﬁ%ﬁﬁﬁﬂﬁmﬂﬁ@fﬁﬂ$
1Rk FREF L 5 B 2 FRE L Pk 2

D—j,gf]ﬁ}& 3heg x 6hagdFx 9h g x ﬁé&gf&j’_
g Hx

(%) (%) (%) (mmol/g)
S-Zr0; 41.0 67.6 79.1 0.32
W-ZrO, 22.7 43.8 55.4 0.18
PS-SBA-15-p 63.4 65.8 76.8 0.92
TPS-SBA-15-p 71.5 89.1 94.3 1.012
Amberlyst-15 53.9 716 76.8 4.2
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(2)

1 & 32 R7TY pEapd» B3 ¥ A hmphd Sopiigess - Al
b gtz AR s (PS-SBA-15-p) » @ TPS-SBA-15-p ek Ji5 /& #4427
i® Amberlyst-15 resin » #_%] 5 Amberlyst-15 resin 3t % & 3+ (& i i

RECH) o HEGEI 5 BREF A DT RALEERER

=
34
P
—=
\\\Xr
1%
|
Ge

hp? B ;{:fl_ =R ey TPS-SBA-l5-p £ o F ek ohr

4 IRELE > 2 W-ZrOp enf i iE b £ > F 5 W-ZrO, £k & L it

WHE TR ENFE -

2. TAEER Y % 4oR 8 1o ’;gv} i H Bk 2 100°C it 0 #F T
BRBTERNF B FF BPFR L 24P o K RBY VAo \EEF R
KB A R R G MRFT R B2 AR 1% B
T RF R ARARE 9290 0 E.F) 5 Si-O-Si4t g2 % %74 ~ T A
BARLEE > 2 3VF <3 2 R 2 Pl 1t de Amberlyst-15 resin

j—i:j'g f% ¢ 7‘}’{;?(—&;— )
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(-)Fg 4
1. B2 che pF~ 1 g sfrpe & w2 0.03 g 4 (1Wit%) 2% 0.0015 g
g 45 (0.5 W%) Aif% ¥ 4 #3 70°C» A %7 520~ 30 2 2 40 A

ﬁo

2. % NMR #2446 ff 4 & o

=
£ Hasp3 Hasp1 Hsal1
Hasp3 S /,O \T]/ -~ Hsala'\ﬂ/ \\\\ //OH
. A A~ O PN N
| Haspz” 7’ COOH  Hgys Y COOH
Haspa Hsala
4 H Hasp!
’ asp2 .
p 3
i . Ha:p-i
o |
-3
| ¥ ¢ H.a $ Hsa\% '{ﬂ Haa + Haaiz
- W U & Mk
—— 7T I s e e e e e B N
82 80 78 76 14 12 70 [ppm]

B9 2™ % 'HNMR 38

£ 400 Lwt%H I FRERE LI P BT T R hg Y F R AT

20 mins 30 mins
o YrEg R RS WeRR) T Wk
) 48 e R i

BE jAF AT EX AT AF

(%) (%) (%) (%) (%) (%)
S-ZrO, 97.62 85.55 12.07 98.09 87.56 10.53

W-ZrO, 93.97 85.32 8.65 96.78 87.14 9.64
PS-SBA-15-p 96.04 84.33 11.71 96.10 85.28 10.82

TPS-SBA-15-p 9531 8515 1016 98.34 8721 11.13
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Amberlyst-15 97.72 86.13 11.59 98.50 88.24 10.26

512 05wt 7 IF FEEEL Bt PR RV F B2 A S

30 mins 40 mins

man T Gas an na gas as

(%) (%) (%) (%) (%) (%)

S-ZrO; 82.57 77.61 4.95 90.34 80.45 9.89

W-ZrO, 76.32 75.88 0.44 84.73 78.51 6.22

PS-SBA-15-p 84.57 77.73 6.83 84.87 82.79 2.07

TPS-SBA-15-p 9262 7994 1267 96.42 | 89.44 6.97

Amberlyst-15 84.80 76.05 8.75 92.98 81.93 11.06
(=) 3@

1% LWOGehiJ it (79 %7 @ 4 4ot 20 11 2 30 A s 85T &
A% T A KA SRS AP0 HRIF e ET R T
UL B S s K F R 0 e AR

2. UFRELE T B O5WIOGK s EPER L 40 A 4T F 4 5o T A

F & 40 ~ 48ie > TPS-SBA-15-p ch A F &% o
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Wit loss (%)

Rl
29 g ~A0mL vkt s 0.2 s S AL B R b
v 4e# T 150°C F B 7 % o

WA P TR MR TOA & 7R AT 1T

£E

Frgat ot £ F (conversion) ; iR R T fRIT A

2 A s % GC s GC-MS 112 BCNMR it 7 & $» chE7_» ¥ 11 A

|

five > @R EASF LR RS (yield) o

Catalyst + Cellulose residual

704 Catalyst

[ IS O T U S ||
=D WMot o th O
1

T T y T Y T T T ¥ Y T T T T
0 1000 200 300 400 500 600 700 800

J

Temp (°C)

B 10 £ Attt (SRak+flg) 2542 TGA £ £ ¥ &
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1 £9
2. Decane [C&5) $3$ n-Decane $% |sodecane $§
3. Decane [C&5) $3 n-Decane $% |sodecane $§ #30004 142

FPrint Done ‘

PBM Search Result:
Mame
i1 Pent: d, 4-o ]
2. Pentanoic acid, 4-oxo- [CAS] 5§ Lewulini 116
3. Pentanoic acid, 4-oxo- [CAS) $5 Levulini #12847 116

[ Difference 'ml Text | Brint | Done | Help ‘
B 11454 k22 i GC (a) » 112




u
@

decane (b)

3. BCNMR

~ levulinic acid (c)

2. MS & 47

Qﬂo}i!;iz)am

!

. CHy(CH)CH; .0~ HEJEHEKOH
2

:— || I\‘Iq

1w Jh — } f

Bl 12 £ fud i 22 °C NMR # B
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4. GC-FID

3

¥ Decane
Butanol Il

Levulinic Acid

B 13 F Jui~imik 22 GC-FID # < H

# 6 12 TPS-SBA-15-p 12 2 TPS-SiO, 'k f22_ % %  LA= Levulinic Acid

Catalysts Days Residue Conv. Product Cz%%
TPS-SBA-15-p 5 1509 24.86% - -
TPS-SBA-15-p 6 1.00g 50.14 % 0.1524 mL of LA + 0.0089 mL of Decane  19%
EPS-SBA—lS-p 7 049g 755% 0.4576 mL of LA +0.3566mL of Decane  64% |
TPS-8i0, 5 1499 25.07% 0.1177 mL of LA + 0.0034 mL of Decane  28%
TPS-Si0O, 6 153g 2331% 0.119 mLof LA 29%
TPS-8i0, 7 0879 43.75% 0.3178 mL of LA +0.0131 mL of Decane  34%

(2)

1 P2genihias ~A0mL vkl & 029 ens NP4t t 43 R F b
¢ 4e#i D 150°C F a7 % 0 FIRE F f 73K 3 ff 4 TPS-SBA-15-p

A7 X542 0.068g ] A F o

2. FM A #Ri 029 #4050 TRCF REFISHTE 1
WS WA ¥ He— BIVF ~ £ 5 4 5 600nm 2 ff 4L

TPS-SIO 1245 31§ £34 i $150F ez B4 -
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B 10> #F B 878 > A TICEE 0 1 TGA BIF 2 A4t
HE R AR E RV EFERL > T EF RREE RS

ST
T E g

=k

i

Ly

F s g o 4 r &7 FRIE L X3 H (8 0 GC-MS # 20 4oR 11 #7

o FRIESA G S A0 A % A decane 14 2 LA (Levulinic Acid) °

WAL e BCNMR Bl % @5 B 12 FE2 A 4 5 decane

A LA

Wi fs A4t GC-FID i f74epl - B 13> # 3R % f& A 4 &2 4% GC-MS

72 BCNMR g% o

v~ 1mLLA 122 1mLdecane #3853t i A 5> o fft L B o
FENEDAY AT TR IR R 2 g B L 6
Foo B 3V Off 4 TPS-SBA-15p tein7 A PFE F R iEhd 5 0 &

0.4576 mL 7 LA+ 0.3566 mL =7 decane> 2 % & i3 17 C 7 £ 5 649% ©

A Ad o Flz(Decane) » A_F b R A2 - o R g E FiE ﬁ’z“ﬁ% it R
B e Tobo o fRf (LAY SRS B (o Rp fR4T) A R
(BRp) ~%BR D&~ 20 B0H - LB i o s
M * 2 S HIRAR -
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B3 F PR F AP ECPTMS) 4 %1 S i7h od & 3-5 4
Y- A2 U A R (TTMS) » #-3 4ids & SBA-15-p 5 3 Vet » bt
EEHEL LA NEFATFEE B ARH R EER TR

it 5 M e TPS-SBA-15-p F 8 fk o

#-TPS-SBA-15-p F R A& (IWt00) & * tetz WAL LT ¥ feifin U F Ji > Se i
O P AS B EO43% EBH T S e EREAL @ B F RN

G PERE TR SR lY o F R AR E B5% &
%A%
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I. Introduction

Environmental protection, food availability and energy production are the most
important issues in the 21st century. The production of biofuels is of significant global
importance for reducing the impact of environmental pollution and for conserving finite
energy resources. Catalysts used in present industrial processes for biofuels production
are liquid strong acids, bases, or enzymes. Solid acid catalysts possess several
advantages in comparison to the current catalysts in terms of easy separation, easy
regeneration, and less environmental impact. Here | tried to use solid acid catalysts as a
substitute for the hazardous liquid acid catalysts used in preparations of biofuels. In this
research, a new solid acid catalyst, TPS-SBA-15-p, was designed to act as a substitute
for the hazardous liquid acid catalysts used in the production of biofuels. The
experimental results indicate that TPS-SBA-15-p has the highest catalytic activities in

biodiesel synthesis and cellulose hydrolysis in comparison with other solid catalysts.
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1. Objectives

The main purpose of this project is to design and synthesize a new solid acid
catalyst, and examine it in the production of biofuels including lignocellulosic biomass

and biodiesel.

I11.Experimental

1. Catalyst Preparation

I. Known Catalysts Preparations

1. PS-SBA-15-pt*! 2. Amberlyst-15
(Propyl Sulfonic Acid) A kind of sulfonated polystyrene
made by Sigma Corp.
AN
Z Lo, -\ SO
- [97S"s0H \
3. S-Zr0,[6] 4. W-Zro,®
(Sulfated Zirconia) (Tungstated Zirconia)
OSO3H O, 0
/ o W—q

Zr0; Zr0,

These catalysts were used in the following experiments in comparison with the

new catalyst, TPS-SBA-15-p.

2. Characterization of TPS-SBA-15-p

The nitrogen sorption (Fig. 1) indicated that the pores shrank after sulfonation.

However, XRD (Fig. 2) and SEM (Fig. 3) results showed that the mesoporous structures
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were retained. Moreover the elemental analysis (Table 1) also indicated that one bore

only one sulfonic acid and that TTMS were grafted onto silica.

The results confirmed that the new catalyst TPS-SBA-15-p was successfully

synthesized.

(2]
(=3
o

& « TP-SBA-15-p . — TP-SBA-15-p
# soof + TPS-SBA-1S-p sl — TPS-SBA-15-p
"’E 100 b .:".; J 3 (110)200)
2 . & HO
E 300 .‘/"*‘/ -E,
- pey =
'§ 200 '....‘.’.“ '-#". ;
= 3 - =
& =
£ 100} .‘..lllllll m
= - e
; 0 1 ' A L ) 1 T
00 02 04 06 08 1.0 0 1 2 3 4 5
P/P 20 (degree)
Fig. 1. N sorption of Fig. 2. XRD patterns of
TP-SBA-15-p and TPS-SBA-15-p TP-SBA-15-p and TPS-SBA-15-p

Fig. 3. SEM images of (A) TP-SBA-15-p, (B) TPS-SBA-15-p

Table 1. Structural properties of short-channel SBA-15-p

S Content
Sample Sget (M?/ Votal (CM/ d, M
p (mmol/g) et (M/Q) Total (CM°/Q) p(NM)
TP-SBA-15-p 1.01 513 0.65 5.2
TPS-SBA-15-p 2.09 362 0.32 3.5
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V. Results and Discussion

1. Production of Lignocellulosic Biomass

I. Hydrolysis of Dioxane:

A model reaction of Cellulose Hydrolysis

O OH _OH
E j + H,0 2W%of Gatalyst__[ J/ 2 HO_~
Reflux
@) 0O

Dioxane Diethylene Glycol Ethylene Glycol

Scheme 2. Equation for dioxane hydrolysis

—

N 7S a- TPS-SBA-15-p =

ol [ —#— PS-SBA-15p /

2 60+ TPsBAsp

g —w— phys mixture of TP + PS

=]

= 45+

i

=]

s 30}

2

7 I

o 15¢ ¥

SR )
0 12 24 36 48

Reaction period (h)
Fig. 4. Hydrolysis of dioxane over solid catalysts defining synergistic effect

Three types of catalysts were used in the experiment, TP-SBA-15-p with the
nucleophilic group (sulfur), PS-SBA-15-p with the Brgnsted acid site (SO3H), and

TPS-SBA-15-p with both catalytic sites were used in this reaction.

The experiment demonstrated that TPS-SBA-15-p showed a much higher rate than
catalysts with only one catalytic site (Fig. 4), which further indicated that the two

functional groups were both required in the reaction of the cleavage of the C-O-C bond.
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We also used a physical mixture of TP-SBA-15-p and PS-SBA-15-p as catalyst in
the reaction, but the yield was still poor, which showed that the groups have to be in the

vicinity to show a synergistic effect.

This experiment demonstrates that the C-O-C bond, which cellulose and dioxane

have in common can be broken with TPS-SBA-15-p as catalyst.

ii. Hydrolysis of Cellulose: generating Decane,

the component of gasoline, as one of the major products

[0 ) 3
0 | 0.5gof TPS
\ =0+ Ho rraishl G
OH'n o
Cellulose 2g 409 Main Products : Levulinic acid (LA) Decane

Scheme 3. Equation for cellulose hydrolysis

Step 1: After days of reaction, we could see some oil components in the reaction
mixture (Fig. 5). So we filtrated and analyzed the solid residue with TGA (Fig. 6) to

calculate the cellulose conversion, the remaining weight of cellulose.

Step 2: With the filtrate, we added butanol as a co-solvent and internal standard,
analyzed the liquid products by GC-FID (Fig. 7) and found two major components were

produced in the reaction.

Step 3: To identify the two major components, we used GC-MS (Fig. 8) and it
showed that one product was levulinic acid, which had already been reported. However
the other product, decane was somewhat unusual. The formation of decane from
cellulose is quite new, and very few reports had reported a gasoline synthesized base on

this type of reaction.

Step 4: To further confirm the production of decane, we extracted the product with

carbon tetrachloride, and performed a *C NMR study (Fig. 9). The result showed that
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the reaction product had the same structure compared with the standard, which certified

that the product we gained was really decane.

Step 5: After we confirmed that the products were decane and levulinic acid, we
took the filtrate extracted with carbon tetrachloride, added o-xylene as internal standard

and calculated the conversion of decane with area ratios (Table 2).

&
/(D)

Fig. 5. Oil components in the reaction mixture after (A),(B) 6days and (C),(D)7 days
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Fig. 6. TGA profiles of reaction residues and catalyst

Decane

120 (Product)

- 100 ‘
Butanol LA
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Internal standard)

(Product)

9803

Fig. 7. GC-FID pattern of liquid products
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Fig. 8. MS spectra of (A) LA and (B) decane compared with those from the MS library
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60
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40

Fig. 9. *C NMR spectrum of (A) reaction product extracted
with carbon tetrachloride, (B) decane standard

Table 2. Conversion rate of cellulose and control reaction

[ppm]

Days Conv. (%) LAX Decane*
5 24.90 - -

6 50.14 0.15 mL 0.01 mL
7 75.53 0.46 mL 0.36 mL
7% 00.00 0.00 mL 0.00 mL

* Controlled experiment (no addition of catalyst)

* Based on GC-FID analysis

Conv.=conversion rate, base on TGA analysis
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LA and decane were the major products in the hydrolysis of cellulose using
TPS-SBA-15-p as the catalyst. The product, decane, was quite unusal, but was
confirmed by GC-FID (Fig. 7), GC-MS (Fig. 8), and *C NMR (Fig. 9). A good yield of
decane was obtained after 7 days of operation at 423 K (Table 2), which is a quite low

temperature.

Generation of biofuel from cellulose makes good use of agricultural waste and
does not require edible food. This experiment shows that in a single catalytic system

and at 423 K, TPS-SBA-15-p has excellent selectivity in forming decane.

The generation of biofuel from cellulose makes good use of agricultural waste and
does not require edible food. This experiment shows that in a single catalytic system

and at 423 K, TPS-SBA-15-p has excellent selectivity.
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(1) Mechanism Prediction and Benefits

| found two references to the mechanism of cellulose hydrolysis. One reference
paper from Science conducted the experiment from gamma-valerolactone (GVL), which
is produced by the hydrogenation of levulinic acid. Levulinic acid can be produced from
agricultural waste by processes already demonstrated on a commercial scale. They
decarbonated GVL to produce butene then oligomerized it into octene. The other was a
Ph. D. thesis, which also started the reaction from GVL. The mechanism included a
combination of dehydration and that hydrogenation in the end produced alkanes

(Scheme 4).

But both of the experiments used sulfuric acid to hydrolyze cellulose or
agricultural waste into GVL, which is not environmentally friendly and cannot be
regenerated. They also required two types of catalysts, had to go through four catalytic

systems, and at least 673K and 36 bar was required.

In contrast, my experiments were done in one catalytic system and at 423 K, which
is significantly lower than the references. Also, | used only one solid catalyst which
would not caused damage to the surrounding environments. Therefore, my experiment

is much more efficient and environmentally friendly in comparison to the references.
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(2) Possible Mechanism for the Production of Alkanes

OH OH
9] O
fﬁﬁ%}ﬂx - . HHE&?,{}H
n H

Cellulose Gilucose
HOH,C
HMF Levulinic acid Formic acid
O O
O —
OH

GvL Pentane-1,4-diol 2-methyltetrahydrofuran

—'WC}H E—— W

Pentan-1-ol Pent-1-ene

2 T e TSy T

Pent=1-cne Deeene

_— - WW
Decane
Scheme 4. Possible mechanism for cellulose hydrolysis
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2. Biodiesel: Production of Fatty Acid Methyl Esters

I Esterification of Fatty Acids

O 9]
/E\I}?JJ\DH + MeOH 1 wit% Catalyst - MI\DME
Refl 7
Palmitic Acid el Methyl Palmilate

Scheme 5. Equation for esterification with palmitic acid and MeOH

Table 4. Reusability of TPS-SBA-15-p,

Table 3. Acid capacity of all catalysts each cycle last for 24 h.
Catalysts Acid Capacity (mmol/g) Recycle number  Conversion of PA (%)
TPS-SBA-15-p 1.01 0 94.8
PS-SBA-15-p 0.92 1 94.2
Amberlyst-15 4.20 2 93.9
S-ZrO, 0.32 3 93.5
W-ZrO, 0.18 4 92.6
5 92.5
1007 e . TPS-SBA-15-p gave the fastest
20 ::ﬁ?tltf/ esterification rate  (Fig. 10 and Table
—t— 5-Fr 02
gof VTR / 3), moreover, it showed good

40} reusability, and only slight decreases

in conversions after 5 times of

Conversion of palmitic acid (%)

0 3 6 9  recyclings (Table 4).
Reaction period (h)

Fig. 10. Esterification of PA with MeOH

37



ii. Transesterification of Triglycerides

O

O
O
MLD {DM 1 wt% Catalyst 3 /E\J/u\gme
-’ o + 3 MeOH —————= 7
Tripalmitin W etiux Methyl Palmitate

Scheme 6. Equation for transesterification with tripalmitin and MeOH

100

| —=— TPS5-5BA-15-p
gof ——FS-SBA-15-p
| —— Amberlyst-15

60
40

20

Yield of methyl palmitate (%o)

0 6 12 18 24
Reaction period (h)

Fig. 11. Transesterification of tripalmitin

TPS-SBA-15-p gave the highest transesterification rate among the catalysts ( Fig.

11) also, similar reusability was observed.

Compared with other catalysts, TPS-SBA-15-p shows much better catalytic
activity in the esterification and transesterification reactions. Therefore, TPS-SBA-15-p
is an efficient catalyst in  producing biodiesel from waste oils (containing fatty acids

and triglycerides).
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V. Conclusions

Synergistic effect between the nucleophilic group and the Brgnsted acid site were
critical for the hydrolysis of dioxane. It implies that the C-O-C bonds, which are present

in common on dioxane and cellulose, can be broken by TPS-SBA-15-p.

Also there were two main products produced in the cellulose hydrolysis at 423K,
decane (a component of gasoline) and LA, and were confirmed by GC-FID, GC-MS

and 13C NMR.

Moreover the new solid catalyst TPS-SBA-15-p gave the highest yields in the
synthesis of biodiesel in both esterification of palmitic acid and the transesterification of
tripalmitin. TPS-SBA-15-p also showed good reusability and excellent stability even

after undergoing biodiesel synthesis operations five times.
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