111




4 = Copyright " .
(g Clearance nghtSLlﬂk =3 Ed ugm

" A Title: Kinetics and Selectivity of the Logged in as:
Fischer-Tropsch Synthesis: A Ummuhan Cimenler
Literature Review Account #:
Author: GERARD P. VAN DER LAAN, A, 4, 3001064666

Publication: Catalysis Reviews
Publisher: Taylor & Francis

Date: Jan 10, 1999
Copyright @ 1999 Tayler & Francis

Thesis /Dissertation Reuse Request

Taylor & Francis is pleased to offer reuses of its content for a thesis or dissertation free of charge
contingent on resubmission of permission request if work is published.

112




A.3 Permission for Use of Material in Chapter 3

Below is permission for the use of materials in Chapter 3.

License Details

This Agreement between Ummuhan Cimenler ("ou") and Elsevier ("Elsevier”) consists of your license details and the terms and conditions provi
Copyright Clearance Center.

Getthe printable license.

License Mumber

License date

Licensed Content Publisher
Licensed Content Publication
Licensed Content Title
Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Licensed Content Pages
Type of Use

Partion

Format

Are you the author of this Elsevier

article?

Will you be franslating?

Order reference number

Title of your thesis/dissertation
Expected completion date

Estimated size (number of pages)

Elsevier VAT number

3952640089950

Sep 19, 2016

Elsevier

Applied Catalysis A: General

Molecular-size selective H-3 zeolite-encapsulated Ce-Zr/MNi-Mg catalysts for steam reforming
Ummuhan CimenlerBabu Joseph,John N. Kuhn
25 September 2015

505

nia

7

reuse in a thesis/dissertation

full article

hoth print and electronic

Yes

MNo

Molecular-Size Selective Zeolite Membrane Encapsulated Novel Catalysts for XTL Processes
Dec 2016

125

GE 494 6272 12

113




A.4 Permission for Use of Material in Chapter 4

Below is permission for the use of materials in Chapter 4.

Copyright

ACSPublications Title: Effect of Zecolite Membrane Shell Logged in as:
O Most Trusted. Most Cited. Most Read. Thickness on Reactant Selectivity  Ummuhan Cimenler

for Hydrocarbon Steam

Reforming Using Layered
Catalysts

Author: Ummuhan Cimenler, Babu
Joseph, John M. Kuhn

Publication: Energy & Fuels
Publisher: American Chemical Society
Date: Jul 1, 2016

Copyright & 2016, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

» Permission is granted for your request in both print and electronic formats. and
translations.

» If figures and/or tables were requested. they may be adapted or used in part.

» Please print this page for vour records and send a copy of it to vour publisher/graduate
school.

» Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copvright
(YEAR) American Chemical Soctety " Insert appropriate information in place of the
capitalized words.

» One-time permission 15 granted only for the use specified in vour request. No additional
uses are granted (such as dertvative works or other editions). For anv other uses. please
submit a new request.

@@ ELEI;“;I'“CE nghtSLink m m Li%m

114



A.5 Permission for Use of Material in Chapter 5

Below is permission for the use of materials in Chapter 5.

(® https://s100.copyright.com/AppDispatchServiet
# = Copyright ; . pp—
@ cenne  RightsLink Home oo [0

Title: Hydrocarban steam reforming Logged in as:
TURMAL using Silicalite-1 zeolite Ui Cimeler
encapsulated Ni-based catalyst
- Author: Ummuhan CimenlesBabu
Joseph John M. Kuhn

Publication: AICHE Journal
/ Publisher: John Wiley and Sons

Date: Oct 10, 2016

© 2016 American Institute of Ohamical Enginesrs

AIEI

Review Order

Please review the order details and the associated terms and conditions.

Mo royalties will be charged for this reuse reguest alkthough you are required to obtain a license and
comply with the license terms and conditions. To obtain the license, click the Accept button below.

Licensad Coabent Jehun Wiley and Sons
Pubslisher
AITHE Jowrmal
Pubslication
Licerrsed Content Title  Hydmcarson steam refomming wsSing Silicalite-1 rendite encapsulated Nishased catalyst
Licensed Comlent Unimwihan Cimenle; Babu Joseph, John N, Kulmn

Basthvor
Licenmed Content Date Oct 10, 2016
Liceswsed Content Pages B

Type of use DissertaticnTheis
Requestor Type Suthsor of this Wilsy article
Formiat Prrint anmd aectroanic
Pesrtio Full article
Will your be translating? No
Tithe of your thesis Molecular-Size Seective Foolite Mambrane Encapsulated Nows Catalysts Tor XTL Proossges
dissartation
Expacted complation Dias 2016
date
Expected siz (numbsar 125

" .

115




APPENDIX B: SUPPORTING IN

FORMATION FOR CHAPTER 5

Table B.1 Reaction types, catalysts composition and amounts

CHa4 Steam

Reforming

Total Flow Rate: 75 sccm (0.64%CH34-0.64%H20-98.7%He)

reforming catalyst 4!

Catalyst Composition Notation Catalyst amount (mg)
Uncoated steam reforming Uncoated SR 11.3
catalyst:1.6wt%Ni-1.2wt%Mg/Ceo sZr0.402 124
51wt% Silicalite-1 zeolite coated composite SR@ Sil51% 23.6
steam reforming catalyst
51wt% H-B zeolite coated composite steam SR@ B51% 23.6

Physical mixture of Silicalite-1 zeolite/SR
catalyst

PM-51%Sil/SR 23.6 (11.3 mg SR-

12.3mg H-p zeolite)

Silicalite-1 zeolite by itself

12.3

C7Hs Steam Reforming
Total Flow Rate: 32.6 sccm (1% C7Hs, 7% H20, 92% He)

reforming catalyst 14

Catalyst Composition Notation Catalyst amount (mg)
Uncoated steam reforming Uncoated SR 10.3
catalyst:1.6wt%Ni-1.2wt%Mg/Ceo 6Zr0.402'%*
51wt% Silicalite-1 zeolite coated composite SR@ Sil51% 21
steam reforming catalyst
51wt% H-B zeolite coated composite steam SR@ B51% 21

Physical mixture of Silicalite-1 /SR catalyst

PM-51%Sil/SR 21 (10.3 mg SR-

10.7mg H-B zeolite)

H-p zeolite by itself (powder)

10.7

CH4-C7Hs Steam Reforming A 10-hour time
sccm (1% C7Hs, 1.5% C

on stream experiment Total Flow Rate: 32.6
Ha, 7% H20, 90.5% He)

catalyst:1.6wt%Ni-1.2wt%Mg/Ceo 6Zr0.402'*

Catalyst Composition Notation Catalyst amount (mg)
51wt% Silicalite-1 zeolite coated composite SR@ Sil51% 23.6
steam reforming catalyst
Uncoated steam reforming Uncoated SR 11.3
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Figure B.1 XRD Patterns of the catalysts. Red and black Miller indices indicate SR catalyst and
Silicalite-1 zeolite phases, respectively.

Table B.2 Values that were used in the calculations of Weisz—Prater criteria, Thiele moduli, and
effectiveness factors

(rA)obs, Effective gc, density of | R, radius of | Cas, reactant
observed Diffusivity solid the catalyst | concentration,
reaction rate, (cm?/s at catalyst, particle, (kmol/m?3)
(kmol/kg cat.s?) 800°C) (kg/m?®) (m)
CHa4 1.84*10° 5.6*10* 626 1.1%10°® 7.27%10°
SR
CrHs 7.44%107 3.9*10° 760 1.1%10°® 1.16*10*
SR
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Figure B.2 Repeated experiment for simultaneous CH4 and C7Hg steam reforming on SR@

600

Sil51% under the same condition with another batch of catalyst that synthesized same way. (left)
CHa steam conversion with TOS and (right) C7Hs conversion with TOS.
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APPENDIX C: INTERNAL DIFFUSION LIMITATIONS CALCULATIONS FOR

CHAPTER 5

Weisz-Prater Criterion equation is given below.

where —TA (obs) IS the observed reaction rate, . is density of solid catalyst, R is radius of a catalyst

DexC4gs

_—1A(obs)*qc*R?

pr—

particle, De is effective diffusion coefficient and Cas is reactant concentration at the surface.

Table C.1 Values that were used in the calculations of Weisz—Prater criteria, Thiele moduli, and

effectiveness factors

Sample | Reaction | Effective
Diffusivity | -rA Diameter (D) | Radius (R) of
(cm?/s  at | (kmol/kgcat.s) | of the samples | the samples
800°C) (m) (m)

51wt% | CH4 SR 5.6*10* 1.83819*10° | 2.2*10° 1.1*10°3

51wt % | C/Hs SR | 3.9%107 7.44478%107 | 2.2*10°° 1.1*10°3
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—IA (obs) = 1.83819*10°° kmol/(kg cat.s)

Mcatalyst _ 23.6x10"° kg

qc= 7 — 7
"’f «h "(0'024’”) ¥0.003m

= 626.32 <2
m

De=5.6*10"cm?/s=5.6*108 m?/s
NcHa=1.962*10"° mol/minViewa=75 sccm at 298K (25°C)

Viota=270 sccm at 1073K (800°C)

1.962+10-5_
270

Cas=Ca(cHa)= 7.265*10°8 mol/cm3=7.265*10"° kmol/m?

Rsiwee= 1.1%10° m

So,

_(1.83819%107°)%(626.32)*(1.1x1073)?

C
wp (5.6¥10~8)%(7.265%10~5)

=3424>1

There is internal diffusion limitation for 51 wt% CH4 SRR.

—IA (obs) = 7.44478*10" kmol/(kg cat.s)

c= Mcatalyst __ 21%107° kg
qc= D2 n T 1(0.004m)?2
4 4

=760 <<
m

%x0.0022m
De=3.9*10"cm?/s=3.9*10"13 m?/s
Nc7He=1.36*10° mol/min
Viotai=32.6sccm at 298K (25°C)

Vio=117.32sccm at 1073K (800°C)

Cc7Hs=1'i61;1:;5:1.16*10'7 mol/cm3=1.16*10"* kmol/m3

Rsiwe= 1.1*10° m
So,

_(7.44478%1077)%(760)*(1.1x1073)2
(3.9410713)%(1.16%107%)

pr =15+« 107 > 1

There is internal diffusion limitation for 51 wt% C7Hs SRR.
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Thiele Modulus (®n) and Effectiveness Factor (1) calculation is given below for CHs SRR

p. (—=74) * (qc)
=R / Do) * Cas)

(1.83819%10~6)%(626.32) _
(5.6¥10~8)*(7.265%10~5) =18.5

51 wit%.

on = 1.1*10_3*\/

3
=—— (@ on—1
n (Dnz( ncothd®n — 1)

n = 0.153
Thiele Modulus (®n) and Effectiveness Factor (1) calculation is given below for C;Hg SRR

51 wit%.

(7.44478%1077)=(760)
(3.9¥10713)%(1.16x107%)

dn =1.1%1073 *\/ =1.2*10°

3
n= Pz (Pncothdn — 1)
n =0.0000025
Table C.2 Results of Weisz—Prater criteria, Thiele moduli, and effectiveness factors for

Silicalite-1 zeolite composite catalyst
Sample Reaction | Effective Internal diffusion | Thiele Effectiveness

Diffusivity | limitation (Weisz- | Modulus | Factor ()

(cm?/s at | Prater Criteria) (®n)

800°C)
51 wt % CHsSR | 5.6%10* 342.4>1 18.5 0.153
51 wt % C7Hg SR | 3.9*107° 15107 > 1 1.2*10% | 0.0000025
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APPENDIX D: PROPAGATION OF ERROR FOR CH4 CONVERSION

To calculate the propagation of error in CH4 conversion, uncertainties must be known tahat
effect the conversion calculation. The uncertainty for the flowmeter is £.04 sccm. The uncertainty
for the area was + 26 pV*s (for 51wt% composite catalyst sample at 780°C). The linear
relationship below was obtained to calibrate CH4 concentration from GC area under the peak.

A=10362*f
where A is GC area under peak in pV*s, and f is flow of CHs in sccm.

The calibration constant (Ccra) is given below.

A
Cena = ?

Error in the CH4 calibration constant can be calculated with the formula below.

ac ac,
o= |y, + g,

ac, 1 ac —-A
CH4 - = and CH4 -2
0A f of f?

Choosing f to be £.48 sccm and A to be the average 4597 the uncertainty in the constant

can be calculated below.

—4597

OCcya= \/(m)zz 62 + (—,5)?0.042=54, 5’“’*5

The uncertainty in the flow of CH. given below.

of of
O'fcalc \/( Calc (ﬁ)zaccwtz
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chalc — 1
0A CcHa

chalc — —A
0Ccha CCH42

The average inlet area was 4597, and calculated constant was 10362. Thus,

1 4597 —
afcalcz\/(lo362)2262 + (103622)254.52 =3.42 x 1073 sccm

_ |Ony\2. 2 On 2
Op = \/(a_T) or + (afcalc)o-fcalc

— Pfcalc
RT

a_n _ _Pfcalc
aT RT?

(')n_P
of RT

where P is 1, f.qic 15 0.44364 sccm and T is 323 K (the GC detector column temperature).

—1%044364 1 , sy _,mol
o, = 2)252 4 ( )?(3:42 % 107%)2 = 28951077 —

(82.0575 * 323 82.0575 % 323

_ Fepao—Fena

FCH4,0

The error in the conversion can be calculated using o;,:

0x 0X 0X Fena
oy = )20on? + ( )0 ==
x J OFomag ™ s ™ Fommg ~ Fommo®

x 1
aFCHAI- FCH4-,O
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For Feyao =1.5323*10-> mol/min (using same experimental conditions) and Fgy, =
1.17 * 10 mol/min (the average for all experimental runs), the error in conversion can be

calculated:

_—1)2
1.5323%10~5

oy = \/(—ﬂ (2.89 % 10-7)2 + (

1.5323*10-52)2 (2.89 * 1077)2=0.024
ox = £2.4%
The uncertainty associated with the catalyst mass was 1% (from scale that was used to

weigh catalyst). Thus, the final uncertainty (oyf) in conversion is:
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APPENDIX E: ASPEN SIMULATION DETAILS

The species of the CH4 and C7Hg steam reforming inlet and outlet streams are given Table

E1and Table E2 for temperature 400°C and pressure 1 atm (Using Ideal Thermodynamic Method).

Table E.1 CH4steam reforming inlet and outlet streams

Species Inlet Outlet
(kmol/sec) | (kmol/sec)

CH4 1 0.903

H20 1 0.808

CO 0 0.004

Ho 0 0.386

CO2 0 0.094

Table E.2 C7Hg steam reforming inlet and outlet streams

Species Inlet Outlet
(kmol/sec) (kmol/sec)
C7Hs 1 1.1e-16
H20 7 1.677
CO 0 0.094
Ho 0 0.739
CO; 0 2.614
CH4 0 4.292
CeHe 0 3.48e-14
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The flowsheet for the model is given below:
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Figure E.1 Flowsheet for the ASPEN model
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APPENDIX F: FLOWCHARTS FOR SYNTHESIS PROCEDURES OF THE

ENCAPSULATED CATALYSTS

Flowchart is given below for synthesis of H-p Zeolite (Hydrothermal Synthesis Method).

N =

Crystallization
(at 155°C for 3 days )

l

Figure F.1 Flowchart for synthesis of H-B zeolite using
Hydrothermal Synthesis Method
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Flowchart is given below for synthesis of Silicalite-1 Zeolite (Hydrothermal Synthesis

Method).

- - _ N

Crystallization
(at 180°C for 2 days )

|

Centrifuge &
Washin

.

Drying
(at 120°C for 12h)

Figure F.2 Flowchart for synthesis of silicalite-1 zeolite using
Hydrothermal Synthesis Method
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Flowchart is given below for synthesis of 1.6wt%Ni/1.2wt%Mg/Ceo.6Zro.402 Steam

reforming core catalyst.

Precipitation
(by adding NH,OH)
Filtration ,l
re-dissolving
(by adding 0.25M
NH,OH)
Re-Filtration———
Drying
(at 60°C for 1h and
120°C overnight )

!

Figure F.3 Flowchart for synthesis of Ceo¢Zro.402
support
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Adding dropwise to
the Ce;¢Zrg 40, (until

Repeating until all incipient wetness)
solution have — l
been added .
Drying
(at 120°C for 2h)

- |

Figure F.4 Flowchart for synthesis of 1.6wt%Ni/1.2wt%Mg/Ceo.6Zr0.40> catalyst
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