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APPENDICES
Appendix A Calculation of Catalysts Composition

The catalysts composition is calculated base on the Si/Al ratio of HZSM-5
equal to 20.

The formula of HZSM-5 with Si/Al ratio 20 is represented by AISI2()042H.

The formula weight of HZSM-5 is 1260 g/mol.

The molecular weight of InCh is 221 g/mol.

The catalysts was prepared base on 5 ¢ of HZSM-5,

The weight of loaded InCh is represented by

hx221xn
m= 260

Where = required In/Al ratio

m = weight of InCh required
The prepared catalysts was using the composition as shown in Table AT

Table AL The ingredients of prepared catalysts

_ In/Al ratios HZSM-5 (g) inc,3(q) Loading (wt. %)
01 5.00 0.0877 17
03 5.00 0.2631 50
05 5.00 0.4385 81

10 5.00 0.8770 149



Appendix B Calibration Data and Feed Flow Adjustment

The calibration curve and regression equation of raw materials and some
products is shown below. The response factors used for calculate the products
amount that derived from the slope of calibration curve is also shown.
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Figure BL Response area from GC FID as a function of injection volume of
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Table BL The response factor calculated from calibration curve of each substances

Chemicals Density(g/ml)_l cx f, MW(gimol) Re(sxgg;ergzlc)tor
Methane 150669 - - - 3685027598
Benzene 354754464 088 403130073 78 31444145673
Toluene 339434893 087 390155049 92 35894264547
[T-Xylene 326341167 0.86 319466473 106 40223446165
m-Xylene 331883881 086 385911490 106 40906617891

O-Xylene

336617430 088 382519807 106 40547099523
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The value of response factors calculated from the calibration curve that
shown in Table BL is further used in the products quantification for each chemical.
For the non-calibrated chemicals found during the analysis would use the response
factor ofp-xylene to represent and calculate amount of that chemicals.

In the case of feed adjustment, the feed flow controller and catalyst weight
In various reaction conditions is shown in Table B2.

Table B2 Flow controller adjustment and catalyst weight in various reaction
conditions

Flow controller
adjustment (ml/min) ~ Cata St

Reaction condition
, ' wel%
WHSV (h) MBgeed  Methane  Oxygen (8

18 45 210 9.0 0.940
19 150 150
6.6 45 210 9.0 0.250

105 25 45
132 45 210 9.0 0.125
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Appendix ¢ Raw Data of Reaction Results

The reaction results as a raw data of GC FID peak area and calculated data
are shown below.

Table CI' The results of the reaction with N2 treatment at 350 ¢ and N2 carrier
using In/Al ratio 0.5, WHSV 6.6 IT1and methane to benzene feed ratio 45 at reaction
temperature 300 ¢

i | :f , 1 FID area o0

T"Re %eactants Products Total armaltlc Berzens selectivity (/()
str%am 1 s argma}lc product conversion(%)

(min) H:e an% Benzene  Toluene Co+ .( al (pmol) Tloluene other
0 AR R 46 0 0 0 0B o . O
H IR @316 69 0 0 0183 0009  oow w0
N B &3 68 0 0 09 009 oo 0
W I8 656 6 0 0 0987 008 oo 0
B L 6Bl 66 0 0 09% Q0008 oo 0
B 3\ 601 6 0 0 098 0B oo 0

Table C2 The results of the reaction with N2 treatment at 350 °c and N2 carrier
using In/Al ratio 0.5, WHSV 6.6 h*1and methane to benzene feed ratio 45 at reaction
temperature 350 °c

Lfeill 2 T 3)area I’ Rl

“Time Reactants Products 1 Toﬁu Total selectivity(%)
strggm ®## aromatic  *1OMALe conegpszi%r}]e(%)

(min) ~ Methane Benzene ™ .., Cs  "C9+) (pmol) (nmol) Tola 19.# oth§r7
0 WG @8 AL . 0 0T 0D fesk
H 3T 6 59 0 0 0h QD  ose w0
N 3B 6wy I 0 0 028 0  ose w0
0 3 &od 317 0 0 02 0B  osx w0
D 9 e B4 0 0 02 QR o w 0
B 3 o8 A1 0 0 02 QB o 0
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Table C3 The results of the reaction with N2 treatment at 350 -c and N2 carrier
using In/Al ratio 0.5, WHSV 6.6 IT: and methane to benzene feed ratio 45 at reaction
temperature 400 -c

FDarea 1 pg ffZ 1

Time Reactants ( Toducts - Vip Total Total ko selectivity (%)
on aromatic  aromatic Benzene .

stream (nmol) p(;]orgglc)t conversion(%) Jr Iuénleﬂ" other

|(m”(])}0 Methane .ﬁ_emﬂey Toluene Co  CO+ v 8
10 31875 56414 1869 423 317 018480  0.00539 2917 96.604 " 3396
40 31893 5855.6 14 0 08 01831 000208 1.107 98.938 1062
10 31960  588L7 46 0 0 018833 0.00128 0.680 100 0
100 31606 58945 327 0 0 018837  0.00091 0.484 100 0
130 31729 5985 229 0 0 019013  0.00064 0.336 100 0
160 31837 59744 123 0 0  0.19034 0.00034 0.180 0

Table C4 The results of the reaction with 02 treatment at 350 °c and N2 carrier
using In/Al ratio 0.5, WHSV 6.6 h"Land methane to benzene feed ratio 45 at reaction
temperature 350 °c

rTV'H ) FID area

Time Reactants roducts Total Total sele:ctivity (%)
on aromatic  aromatic Benz_ene0 )
S(tfrne?n? . f\)letl;ane Benzene g Cha_(0MOl} p(;or#glc)t comversionts) Toluene  Other

' : 1, %A Wop: i
(] 2711 66729 511 021364  0.00142 0

021325 0.00117 0.550
0.21546  0.00106 0.490
0.21171  0.00095 0.449
0.21456  0.00088 0.410
0.21502  0.00082 0.384

40 32825 66687 421
70 32660 67416 379
100 32600 66273 341
130 371 671191 316
160 327180 67352 296

OO OO O
OO OO OO
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Table C5 The results of the reaction with Hz treatment at 350 °c and N2 carrier
using In/Al ratio 0.5, WHSV 6.6 I and methane to benzene feed ratio 45 at reaction
temperature 350 ¢

Reactants

Methane

T

m ii.

62825
6207
6204
6417/
6%/
6201

FID area

r roducts |

|t

oo oo 8

fIl AS

£ii Al

co+

OO OD

1

aromatic
(nmol)

Total
aromatic
product

(pmol)

Benzene
conversion(%)

0.188
0.174
0.091
0.079
0.063

selectivity (%)

,Toluene

e

-0
other

ODOOODODO=

Table C6 The results of the reaction with H2 treatment at 350 °C followed by 02
treatment at 350 ¢ and N2carrier using In/Al ratio 05 WHSV 6.6 h'land methane
to benzene feed ratio 45 at reaction temperature 350 T

;—"_';*&3; w‘*a?gF..“ LR

R AR, ok
T Ll O ;
0 0 | 021687 | 0.00057 0.265 100 0
; : 0 0 | 021500 | 0.00031 0.145 100 0
100 | 33241 | 68007 | 77 0 0 | 021649 | 0.00021 0.099 100 0
130 | 33006 | 66888 | 59 0 0 | 021288 | 0.00016 0.077 100 0
160 | 33023 | 67025 5 0 0 [ 021330 | 0.00014 0.065 100 0
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Table ¢ 1 The results of the reaction with N2 treatment at 450 °c and N2 carrier
using /Al ratio 0.5, WHSV 6.6 h and methane to benzene feed ratio 45 at reaction
temperature 350 °c

ID area =\ |
rin F w BV iy )
n Rear . products Total 4 romatic Benzene
stream Arl3 azomgﬂc product  conversion(%)
'|\$|mtm115 fl\”t)?agel en  Toluene Co  CO+ P C(lﬂwilf 1 *Ilollu,e]rj\e/ other
i Mity S

021217 0.00129 0.609 0
021464 0.00103 0.480 0
021689  0.00092 0.426 0
021750 0.00084 0.386 0
0
0

0 33000 66309 4.

0 3329 67169 I
0 3309 6709 32
00 3970 68128 01
0 28 6L 28
160 32906 65745 257

021389 0.00078 0.365
020980  0.00072 0.341

OO OO oo
OO O o o

Table C8 The results of the reaction with O. treatment at 450 °c and N: carrier
using In/Al ratio 0.5, WHSV 6.6 h'land methane to benzene feed ratio 45 at reaction
temperature 350 °c

¥ = 16

Time R,.«tants — Total selectivity (%)
on a ar(T)gwtgtlic aromatic Benz'eneo 4 %&4 ]
sErrnelanr)n senzene hefiane = (omol) ¢ product  conversion(%)

(pmol) ¢ 1 ¢ = Toluene  Other

p [

m

1A ~
B0 000 " . 0
021237 0.00141 0.665
021215  0.00115 0.540
021371 0.00099 0.463
021220 0.00087 0.411
021373 0.00080 0.373

0 B4L 67105 68
0 B8 66334 507
0 33052 6648 4Ll
100 33083 66889 355
10 30 6649 313
160 32%1 66%4 286

cCo oo oo
cCcCo o o oo
o O O o o



Table C9 The results of the reaction with

Il

» treatment at 450 °c and N2 carrier

using In/Al ratio 0.5, WHSV 6.5 h: and methane to benzene feed ratio 45 at reaction
temperature 350 ¢

Time
on
stream

i

B35

Benzene AToluene

Reactants
elrmne

3 o5
39 608
3D @b
RO
J 633
J2 o098

F Darea

19
6
4
37
32
3

Produets

ODOODODOO

| I

: rk Total

ODOODODOO

Total
aromatic
aromatlc product

pmﬂ < '(pmol)
0238 QUR
0216 QLY
086 Q2
0288 QU0

conversion(%)

0.199
0.079
0.059
0.049
0.043
0.040

,Toﬁjeﬂe '|' Other

7/\, '? selectivity (%)
Benzene

v

0
0
0
0
0

Table CIO The results of the reaction with H2 treatment at 450 °c followed by 02

freatment at

to henzene feed ratio 45 at reaction temperature 350 °c

350 ¢ and N2carrier using In/Al ratio 0.5, WHSV 6.6 ITLand methane

) ‘» :;’z';‘-‘ B ‘. L
i Sy ~ & ARy

SN, 7 o g i s , 3, KIS

EONGY RN N i s e R AR IR o e sy NN
10 33164 6567.8 85.3 0 127 | 021156 | 0.00269 1.273 88.272 | 1.73 |
40 33191 65922 23.7 0 3.6 | 021040 | 0.00075 0.356 88.063 | 1194 |
70 33016 6638.2 12.8 0 0 021147 | 0.00036 0.169 100 0 |
100 32934 6685.6 8.6 0 0 0.21286 | 0.00024 0.113 100 0|
130 33182 | 67272 6.7 0 0 021413 | 0.00019 0.087 100 0|
160 33004 6785.7 5.4 0 0 021595 | 0.00015 0.070 100 0 |
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Table CII The results of the reaction with N2 treatment at 350 < and 100% U
carrier using In/Al ratio 0.5, WHSV 6.6 h1 and methane to benzene feed ratio 45 at
reaction temperature 350 <c

FID area
Time Reactant Products Total I\/Bl M selecnvny (%)
on eactants . i aromatic nzen

stream I¥HELU (Mmol)g product conversion(%)

(min)  Methane Toluene ¢, CQ+ « (pmol) Toluene Other

DO O3B e UL 0 A 0B QD oens 3917 O
H BO B 37 0 A7 082 QD s 7555 A
N J9 2 & 0 21 B8 QU  1uo 8111 130
m 3 665 & 0 15 09% 008  1os 87468 12
D I &4 @3 0 83 019U 00 oo s675 113
B A w8 B 0 67 022 Q0  osu w21 970

Table C12 The results of the reaction with O2 treatment at 350 °c and 100% O:
carrier using In/Al ratio 0.5, WHSV 6.6 h'Land methane to benzene feed ratio 45 at
reaction temperature 350 ¢

area A?

T(i)ryll ' Reactants " Products Toeatl argomtg{ic I Benzene f ﬁﬂmﬂ y (./0

S(trrnefﬂnr)n 7\/!Iethane ﬂéenzene Tloluene 08 I M meI p(rporgglc)t converson) ”%n@ Other
D "7 64 A R/ 02(264 QB  oeno 54,857 " 3y
H I 6Bl BB 0 Z74 02 0D  1us 60795
0 I8 e 57 o B 000 008 oo w201 Al
0 I8 K2 46 0 19 0 004 o7 0795 192
D I3 62 23 0 & 0280 00D  ose seoa7 1D
B I3 8 49 0 8 0207 (D  osw 81667 13
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Table C13 The results of the reaction with - treatment at 350 °c and 100% O:
carrier using In/Al ratio 0.5, WHSV 6.6 h: and methane to benzene feed ratio 45 at
reaction temperature 350 °c

FDaca  if VA 4 y

Time  Reactants - . Droducts lota. arTo%[g{ic i Se|eCtIVIt}'/(/°£0.).' :
S(lrrnelanrsw Methane ,“.Benzei}[i/:!if Toluene  C8 cor aiomam p(gon(]jglc)t con\ller.sion(%) 'T:oluéne |Or5herl
0 W 475 ML 17 68 OE% 08w e 28
H 2 6 1B o 90 082 0B 2m soors NP
0 8 582 97 0 & Q088 Q0XB 1,564 987 11D
W W7 5 A7 0 59 09D Qe 1103 93000 O%R
D W23 a9 37 0 # 098 QB osos s Al
B 35 63 45 0 27 098 oo 0617 94385 00D

Table C14 The results of the reaction with  2treatment at 350 ¢ and 2% O2carrier
using In/Al ratio 0.5, WHSV 6.6 h'Land methane to benzene feed ratio 45 at reaction
temperature 350 °c

FID area

Vo
. YRR TR B R AN AYA . 0
Tgr?e Reactants roducts Total arg(r)r}gltic Benene selectigiulit)y
stream e ) fi, aEgmg})'c product  conversion(%)
(min) 1" Methane  Benzene feTI?lu-ﬁWf c. » (pmal) Toluene  Other

1V

4 6hle &  1B) 5D 0B 00 1 .1 64
B 625 M9 0 5B 0B Q0 o woss %

D
4
N 3B oo &8 0 56 00K QU oss 28 1A
0 3 603 46 0 52 008 Q6 o o117 Q88
D B @23 £8 0 5 0088 QR o 000 9%
B M &8 45 0 5 006 QB o sosis 10O
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Table C15 The results of the reaction with - treatment at 350 °c and 21% O:
carrier using In/Al ratio 0.5, WHSV 6.5 h and methane to benzene feed ratio 45 at
reaction temperature 350 ¢

FIDarea : )
i 0
ine Reac ants predacts arEEntg{ic Benzene
product .
Methane 1 Toluene S i (pmol) Toluene  Other
‘._ 1' '
o5 A7 09 47 01 OOFL " G mse AL

23 M3 0 H7 000 Q0L 213 8318 2B
b 166 0 25 QB0 Q03 e a5 hd
@Rl 4 0 Bo 09 QTR 143 86732 R
ohl7 6 0 122 00 Q04 1o srsse LM
@Bl 64 0 9% 0% 0WB  1ow 250 1A

BEEoes
gasisisia

Table C16 The results of the reaction with H2 treatment at 350 °c and 100% Q2
carrier using In/Al ratio 0.1, WHSV 6.6 h'land methane to benzene feed ratio 45 at
reaction temperature 350 °c

FID area

Tme Reactants Froducts Wil arg?ntg{ic Benzene ey )

ngnr;] Methane Benkzené Toluene 1 cg+  (nmol) p([lorr(1j(L)JIC)I Wc:)nversion(%) ”Tol_utene\ other
D BB ORB OB 0 B U s s A9
H B 595 B4 0 &7 0BY 00D s se365 4104
N 3B 6 B 0 B6 090 QOB o5 o557 A
n 32 bl A1 0 8 09 0007 oz 139 20
D 3B B 5 0 6 Q1 006 o3 Y
B 3B 6 B 0 46 0999 Q0o 0.247 6815 219



Table CI7 The results of the reaction with H. treatment at 350 °c and 100% Oz
carrier using In/Al ratio 0.3, WHSV 6.6 h1 and methane to benzene feed ratio 45 at
reaction temperature 350 °c

im w FID area
Time Reactants L roduets
S(trrrfﬁnr? Methane \éeﬁnzene/ TTO" ne ; 8
D BB 4B &) 0
H BB M8 2 0
N 28 636 3 0
m 20 &1 71 0
D 2 &9 1D 0
B 53 4629 B8 0

Co+

(4
36
18
66
4
26

I»,
aromatic

013%
014)
Q14337
01483
033Y
04m

aromatic
product
(pmol)

om
00029
0033
0000
000063
00005

1L

Benzene
cbn‘erswn %)

2.700
1.606
0.895
0.635
0.435
0.304

selectivit /y %

Je yWwy- 9 H it
_ Toluene Other
U
e B
63516 B
19769 A3
o U
s35 108
5607 AP

Table C18 The results of the reaction with H2 treatment at 350 °c and 100% 02
carrier using In/Al ratio 10, WHSV 6.6 h'land methane to benzene feed ratio 45 at
reaction temperature 350 °c

ERRe m%«ég‘ SRR R Yt AR
10 33345 | 53536 | 3993 | 116 | 27.1 | 0.18234 | 0.01208 6.628 92053 | 7.947
40 33386 | 58608 | 2259 | 33 [ 174 | 0.19320 | 0.00681 3.524 92.441 | 7.559
70 33343 | 5980.1 163.4 1.8 12 [ 019508 | 0.00490 2.509 92992 | 7.008
100 33177 6114 1235 11 81 | 019811 | 0.00367 1.852 93.767 | 6.233
130 33468 | 61085 100.1 | 078 | 6.8 | 0.19724 | 0.00298 1.509 93.67 | 6.330
160 33129 | 6194.1 84 0 63 | 0.19948 | 0.00250 1.252 93727 | 6273
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Table C19 The results of the reaction with 12 treatment at 350 °c and 100% o2
carrier using In/Al ratio 1.0, WHSV' 18 h-1 and methane to benzene feed ratio 45 at
reaction temperature 3so °c

Tg)rrr:e Reactants o PId“EL4® "’ {I-Tléitai{.kf artT)gwtg{ic iAAE\%e-ntler{ ! ey (%
s(trrmn)w Methane Benzene Toliene 8 O aE?mSI;C p(rnorr?ilc)t conversion(k) Toltpen'ef other.
D B 5 A3 B 0 OB QUL e 0 A8
HN B/ B F4 0 B 045 QM s 53200 400
N % 488 132 0 %9 053 0068 e sga1 Al
m B2 53H 1’5 0 58 040 QUEB  2sss nse 21
D B 04 105 0 Y 0B9 0By 1821 g0t 0%
B B T4 &, 0 6 05 (W 1w 94285 b

Table C20 The results of the reaction with H. treatment at 350 ¢ and 100% O
carrier using In/Al ratio 1.0, WHSV 132 h'Land methane to henzene feed ratio 45 at
reaction temperature 350 °c

F Darea , Air.y T

T selectivity (%)
eac tants Products arg(r)ﬁg{ic aromic Benzene ’
stream ' / (nmol) product  conversion(%) m
(min) 'Benzene’ Toluene — C8 ce (nmol) Toluene  Other
.Y 1 T, 1 o
D 4 2 53 U 0% QO ser sease 781

LML,
Rise
D el A 18 T4 005 0008 1o son 1208
3H ey @7 1 %9 02040 00h 1347 g 62
I N9 AB7O0 47 0&H 00 1,066 0616 Ak
B 4 6l 0 4 0% 000  osss 48 DA
P 6 A7 0

88835

3 008 0 om 95077 493
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Table C21 The results of the reaction with 2 treatment at 350 ¢ and 100% 02
carrier using In/Al ratio 1.0, WHSV 6.6 h'Land methane to benzene feed ratio 19 at
reaction temperature 350 °c

oy ! yA
Time tants roducts VTOM # /! n. SE|€CIIVIty(%)
on r arorrgjatlc Benzene(g/) = y
stream * product  conversion(%
(in,  Methane WB& ” 'T'olﬁ”%lgv C8 C9+ (pmol) .y Toluene Vot_her
10 27071 10922' 402.7 44 551" 036003 001270 K 3.527 88.351 11.65
40 27174 11762 178.1 11 37.2 0.37996  0.00591 1.557 83.892 16.11
70 27218 12021 1211 0 20.1 0.38617  0.00387 1.003 87.077 12.92
100 27110 12121 92.5 0 156  0.38846  0.00297 0.763 86.897 13.10
130 27107 12214 747 0 139 0.39086  0.00243 0.621 85.76 14.24
160 27173 12303 62.1 0 115 0.39327  0.00202 0.513 85.818 14.18

Table C22 The results of the reaction with H2treatment at 350 °C and 200% Q
carrier using In/Al ratio 1.0, WHSV 6.6 h'1and methane to henzene feed ratio 105 at
reaction temperature 350 ¢

F Darea

. i 0,
Tbrrr:e tan. 5 Ty arggwtg{m Benzene .
aromatic p ,
stream (pmol) product  convcrsion(%)
(min) - Methane  Benzene ~ Toiwene €8 c9+ P (pmol) Toluene  Other
11 : : A1 |
10 36833 4 2326.1 2875 14 0.08255  0.00858 10.392 93361  6.639
40 36931 2523.4 217.6 6.4 w02 008673  0.00647 7.466 93.626  6.374
70 36674 26118 174.6 4 1 008820  0.00514 5.825 94.677  5.323
100 36835 2680.2 145.8 2.9 5.4 0.08950  0.00426 4,761 95332 4.668
130 36828 2709 1241 21 0.08977  0.00362 4,034 95.469 4531

160 36583 26981 1055 16 ..  0.08886  0.00306 3.439 9,177 3.824
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Appendix D Raw Data of Catalysts Characterization

The temperature program desorption (TPD) characterization results is
shown in Figure DI. The peak in the range of 150 to 200 °c represented to the weak

Bronsted acid while the peak in the range of 220 to 300 °c represented to the strong
Bronsted acid.

3.0

—— HZSM-5

— = In/HZSM-5, In/Al ratio 0.1
—--— In/[HZSM-5, In/Al ratio 0.3
——~ In/HZSM-5, In/Al ratio 0.5
------- In/[HZSM-5, In/Al ratio 1.0

Intensity

S, i e | G SN C— —— oo e——

S e

T — —
——

150 200 250 300 350 400 450 500
Temperature (°C)

Figure DI Temperature program desorption (TPD) profiles of catalyst with various
In/Al ratios.
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The desorption temperature and peak area, calculated from integration
program (fityk) using Gaussian curve from obtained TPD profile, are shown in Table
DI.

Table DI Desorption temperature and peak area

D LAY InAlratio /Al ratio  In/Alratio /Al ratio
HZSS 03 05 10

Temp Tem Temp Temp & Temp
%‘ q Alrea (C Area (C) Area (o) HATn;e:a?: ) Area
SES 2066 556 2049 573 1988 870 2029 367 2279 157

1K ilf,
2844 4265 2846 4256 2889 2927 2856 866 3149 369

3050 1278 3106 1535 3440 1669 3780 1187 3713 216

Weak

acid 5.56 5.73 8.70 3.67 1.57

Strong

acld 55.43 57.91 45.96 20.53 5.85
Onlk 60.99 63.64 54.65 24.19 7.42
a’cld

The calculation of acidity from TPD peak area used the calibration factor
from propylene to calculate.

The area of propylene per mole from the calibration is equal to 7.672 x 106

The weight of used catalysts is 0.0400 g.

The acidity of catalysts in pmol/g was calculated by

Acidity Gunol/g) = (7.672 areart * )x(0.0400 (]

The acidity of the catalyst is already shown in Table 4.4,
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The temperature program oxidation (TPO) characterization results are
shown in Table D2.

The calibration factor was calculated by using CO2calibration.

The injection loop valve is 100 pL.

Mole of injected CO2calculated from ideal gas law.

n=(0.082T A Z mS ) A 98K) =H087 AmlL

The calibration factor is represented by
Calibration factor = 21'.08'? p'm'ol

The amount of carbon deposition determined by the area from TPO result
divided by the calibration factor. Carbon deposition is calculated as the weight of
carbon observed per weight of catalyst used.

Table D2 Calculation of carbon deposition from TPO

opent 90" O i T
alloration arbon
%%frl%srt result ~caljbration Carbon Cal}?gé’ﬂ deposition
(area) ~ (area)  (area/(nnol) (mg) I

n2 33059  165% 4060 8.142 00977 204 0.48
2%02 215948 16671 4079 529 06353 216 2.94
21%02 606698 14805 3622 1675 2010 202 9.95
100% 02 745663 13201 3230 2309 27l 215 1289
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