WILEY

Edited by Jorge Ancheyta

Experimental Methods
for Evaluation of
Hydrotreating Catalysts







Experimental Methods for Evaluation of Hydrotreating Catalysts






Experimental Methods for Evaluation of
Hydrotreating Catalysts

Edited by

Jorge Ancheyta

Mexican Petroleum Institute
Mexico City

Mexico

WILEY



This edition first published 2020
© 2020 John Wiley & Sons Ltd

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise,
except as permitted by law. Advice on how to obtain permission to reuse material from this title is available
at http://www.wiley.com/go/permissions.

The right of Jorge Ancheyta to be identified as the author of the editorial material in this work has been
asserted in accordance with law.

Registered Offices
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

Editorial Office
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

For details of our global editorial offices, customer services, and more information about Wiley products
visit us at www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content
that appears in standard print versions of this book may not be available in other formats.

Limit of Liability/Disclaimer of Warranty

In view of ongoing research, equipment modifications, changes in governmental regulations, and the constant
flow of information relating to the use of experimental reagents, equipment, and devices, the reader is urged
to review and evaluate the information provided in the package insert or instructions for each chemical, piece
of equipment, reagent, or device for, among other things, any changes in the instructions or indication of
usage and for added warnings and precautions. While the publisher and author have used their best efforts in
preparing this work, they make no representations or warranties with respect to the accuracy or completeness
of the contents of this work and specifically disclaim all warranties, including without limitation any implied
warranties of merchantability or fitness for a particular purpose. No warranty may be created or extended

by sales representatives, written sales materials or promotional statements for this work. The fact that an
organization, website, or product is referred to in this work as a citation and/or potential source of further
information does not mean that the publisher and author endorse the information or services the organization,
website, or product may provide or recommendations it may make. This work is sold with the understanding
that the publisher is not engaged in rendering professional services. The advice and strategies contained herein
may not be suitable for your situation. You should consult with a specialist where appropriate. Further, readers
should be aware that websites listed in this work may have changed or disappeared between when this work
was written and when it is read. Neither the publisher nor author shall be liable for any loss of profit or any
other commercial damages, including but not limited to special, incidental, consequential, or other damages.

Library of Congress Cataloging-in-Publication Data

Names: Ancheyta Juarez, Jorge, editor.

Title: Experimental methods for evaluation of hydrotreating catalysts / edited by Jorge Ancheyta,
Instituto Mexicano del Petréleo, Mexico City, Mexico.

Description: First edition. | Hoboken, NJ : John Wiley & Sons, Inc., 2020. | Includes bibliographical
references and index.

Identifiers: LCCN 2019057778 (print) | LCCN 2019057779 (ebook) | ISBN 9781119517993 (hardback) |
ISBN 9781119518013 (adobe pdf) | ISBN 9781119518006 (epub)

Subjects: LCSH: Petroleum-Refining-Experiments. | Hydrotreating catalysts-Testing.

Classification: LCC TP690.45 .E97 2020 (print) | LCC TP690.45 (ebook) | DDC 665.5/38-dc23

LC record available at https://Iccn.loc.gov/2019057778

LC ebook record available at https://lccn.loc.gov/2019057779

Cover Design: Wiley
Cover Image: Courtesy of Jorge Ancheyta

Set in 9.5/12.5pt STIXTwoText by SPi Global, Pondicherry, India
Printed and bound by CPI Group (UK) Ltd, Croydon, CRO 4YY

10 9 8 7 6 5 4 3 21


http://www.wiley.com/go/permissions
http://www.wiley.com

Contents

About the Editor xi
Notes on Contributors xiii
Preface xvii

1 Experimental Setups for Hydrotreating of Petroleum Fractions I
Jorge Ancheyta
1.1 Introduction 1
1.2 Type of Operation 2
1.3 Selection of the Reactor 2
1.4 Experimental Considerations for the Operation of the Laboratory Reactor 3
1.5 Considerations for Experimental Reactor Configuration 5

1.5.1  Configuration for Batch and Semi-batch Operation Modes 5
1.5.2  Configuration for Continuous Operation 6
1.6 Analysis of Products 7
1.6.1 Gases 7
1.6.2  Liquids 7
1.7 Conclusions 9
References 9

2 Experimentation in Glass Reactors with Model Compounds 11
Mohan S. Rana, Pablo Torres-Mancera, and Jorge Ancheyta

2.1 Introduction 11

2.2 Glass Microreactor Design and Experimentation 14

2.2.1  Experimental Setup for Catalyst Evaluation 15

2.2.2  Measurement of Gas Flow 17

2.2.3  Control of Gas Flow 17

2.2.4  Determination of the Molar Concentration of Model Molecules Before
Reaction 17

2.2.5  Calculation of Partial Pressure of Thiophene under Given Conditions 18

2.2.6 Reactor and Furnace Section 19

2.2.7  Heating Lines (After the Reactor) 19

2.2.8  Analysis (FID and TCD) 19



vi | Contents

2.3 Basic Concepts of the Reactor 20
2.3.1  Reactor Model Considerations 20
2.3.2  Diffusion Limitations (Heat and Mass Transfer) 22
2.3.3 Experimental Procedure for HDS Thiophene Testing at Atmospheric Pressure 26
2.4 Model Compound Testing Focused on Support Properties 28
2.5 Model Compounds Hydrotreating Setup 28
2.5.1  Catalyst Activation 28
2.5.2  Thiophene HDS 29
2.6 Catalyst Composition and its Role in Catalytic Activity 31
2.7 Chemisorption and Measurement of Catalytic Site Experiments 33
2.7.1  Experimental Technology 34
2.7.2 LTOC Experiments 34
2.8 Relation Between Activity and Characterization 37
2.9 Calculation of the Kinetics Rate and Intrinsic Activity 38
2.10 Additional Data for Catalytic Activity in a Glass Reactor 39
2.11 Conclusions 41
References 42

3 Experimentation with Model Molecules in Batch Reactors 47
Pablo Torres-Mancera, Patricia Rayo, and Jorge Ancheyta

31 Introduction 47

32 Considerations in Heterogeneous Catalytic Reactions 47

3.2.1  Integral Method 49
3.2.2  Differential Method 50
3.2.3  Effect of Temperature 52
3.24  Mass Transfer Effects 52
33 Catalytic Reaction Running Methodology 53
3.3.1  Catalyst Particle Size 54
3.3.2  Sulfiding Step 54
3.33 Reaction Test 55
3.34  Analysis of the Reaction Samples 55
3.4 Example of HDS of a Model Compound 56
341 Reaction 56
3.4.2  Analysis of Reaction Samples 56
3.4.3  Catalytic Activity 56
3.4.4  Reaction Network 59
3.4.5  Product Distribution 60
3.4.6  Selectivity Analysis 61
3.47  Deep Kinetic Analysis 61
3.4.8  Analysis of Mass Transfer Effects 63
3.5 Conclusions 64
References 65

4 Experimentation in Batch Reactors with Petroleum Distillates 67
Gustavo Marroquin, José A.D. Munioz, and Jorge Ancheyta
4.1 Introduction 67



4.2

4.2.1
4.2.2
423
4.2.4
4.2.5
4.2.6
4.3

4.3.1
4.3.2
4.4

4.4.1
4.4.2
443
4.5

5.1
5.2
5.2.1
52.2
5.3
5.4
54.1
54.2
54.3
54.4
5.4.5
5.4.6
54.7
54.8
54.9
5.4.10
54.11
5.4.12
5.5
5.5.1
552
5.6
5.6.1
5.6.2
5.7

Batch Reactors 68

Main Features 68

Use of Batch Reactors for Hydrotreating 69

Modes of Operation 70

Data Collection 71

Analysis of Experimental Data 77

Profiles in the Reactor 77

Experimental Study to Determine the Effectiveness Factors of Catalysts
Using Petroleum Distillate 78

Experimental 78

Results and Discussion 79

Activation Energies of Petroleum Distillates During HDS Reactions 84
Experimental 85

Results and Discussion 85

Effect of Feed Properties on Kinetic Parameters 93

Conclusions 93

References 94

Experimentation with Heavy Oil in Batch Reactors 97

Samir K. Maity, Guillermo Centeno, and Jorge Ancheyta
Introduction 97

Catalysts Used in Batch Reactors 101

Preparation of Supports 101

Preparation of Catalysts by Impregnation 102

Activation of Hydrotreating Catalysts 103

Experimental Setup for a Batch Reactor 104

Loading of Feed into the Batch Reactor 104

Catalyst Transfer to the Batch Reactor 105

Preparation of Experimental Setup and Leak Test 106
Pressuring Reactor with Hydrogen Gas 106

Test Run 106

Sample Withdraw During Runs at Different Time Intervals 107
Gas Sample Analysis 108

Separation of Solid Catalyst from the Liquid Sample 108
Cleaning of Solid Catalyst from Coke and Trapped Liquid 108
Analysis of Liquid Sample 110

Analysis of Coke and Used Catalyst 110

Cleaning the Reactor for the Next Experiment 110

Some Results Obtained in Batch Reactors 111

Measurement of Product Distribution by TGA 111

Effect of Operating Conditions on Hydrotreating Activities 112
Advantages and Disadvantages of Batch Reactors 114
Advantages 114

Disadvantages 116

Conclusions 116

References 117

Contents

vii



viii

Contents

6

6.1

6.2

6.2.1
6.2.2
6.2.3
6.2.4
6.2.5
6.2.6
6.3

6.3.1
6.3.2
6.3.3
6.4

6.4.1
6.4.2
6.4.3
6.5

6.5.1
6.5.2
6.5.3
6.6

6.6.1
6.6.2
6.6.3
6.7

6.7.1
6.7.2
6.7.3

7.1

7.2

7.2.1
7.2.2
7.3

7.3.1
7.3.2
7.3.3
7.3.4
7.3.5

Experimentation in Small-scale Continuous Fixed-bed Tubular Reactors
Patricia Rayo, Fernando Alonso, and Jorge Ancheyta
Introduction 121

Experimental Setup 122

Small-scale Unit 122

Catalyst Loading 124

Catalyst Activation 125

Unloading of Catalyst 125

Characterization of Feed and Liquid Products 125
Characterization of Supports, and Fresh and Spent Catalysts 127
Effect of Diluent Composition 130

Experimental 130

Results and Discussion 130

Conclusions 136

Effect of Support 136

Synthesis of Supports 137

Results and Discussion 138

Conclusions 149

Effect of Support Modification 151

Synthesis of Supports 152

Results and Discussion 153

Conclusions 163

Effect of the Additive Incorporation Method 164
Feed and Synthesis of Supports and Catalysts 164
Results and Discussion 166

Conclusions 177

Effect of the Incorporation Method of Ti 178
Feed and Synthesis of Supports and Catalysts 179
Results and Discussion 180

Conclusions 186

References 187

Experimentation in Medium-scale Continuous
Fixed-bed Tubular Reactors 191

Fernando Alonso, Gustavo Marroquin, and Jorge Ancheyta
Introduction 191

Description of Experimental Setup and Procedure 192
Feedstock and Characterization 192

Description of the Pilot Plant 192

Mass Transfer Limitations in TBRs 201

Materials 201

Catalyst and Activation Procedure 201

Reaction Conditions 201

Results 203

Conclusions 213

121



7.4

7.4.1
7.4.2
7.4.3
7.4.4
7.4.5
7.5

7.5.1
7.5.2
7.5.3
7.5.4
7.6

7.6.1
7.6.2
7.6.3

8.1

8.2

8.2.1
8.2.2
8.2.3
8.2.4
8.2.5
8.2.6
8.2.7
8.3

8.3.1
8.3.2
8.3.3
8.3.4
8.4

9.1
9.1.1

Contents

Hydrotreating of Heavy Crude Oil 214
Materials 214

Operating Conditions 215

Analysis of Products 216

Results 217

Conclusions 224

Hydrodemetallization of Heavy Crude Oil
with Ni-Mo/Alumina Catalysts 225
Materials 225

Experimental 225

Results 227

Conclusions 235

Hydrodesulfurization of Middle Distillates 236
Experimental 236

Results 241

Conclusions 249

References 249

Experimentation in Large-scale Continuous Fixed-bed Tubular Reactors 251
Guillermo Centeno, Luis C. Castaneda, and Jorge Ancheyta

Introduction 251

Description of the Pilot-plant Unit 256

Feedstock Section 256

Reaction Section 257

Separation Section 257

Gas Washing Section 258

Product Stabilization Section 258

Gas Measurement 258

Gas Sampling and Analyzer 258

Results and Discussion 258

HDT of Hydrocracked Residue obtained from a 16°API Crude Oil 258
Hydrotreating of Highly Aromatic Petroleum Distillates 263
Characterization of Spent Catalyst from Residue Hydrotreating 264
Reaction Kinetics for Hydrotreating of Residue 284

Conclusions 290

Nomenclature 291

Greek Symbols 291

Subscripts 291

Superscripts 292

References 292

Experimentation in Large-scale Continuous Ebullated-bed Reactors 295
José A.D. Munioz, Guillermo Centeno, and Jorge Ancheyta

Introduction 295

Characteristics of Ebullated Bed Reactors 295

ix



x| Contents

9.1.2  Parts of an Ebullated Bed Reactor 296
9.1.3  Advantages and Disadvantages 298
9.1.4  Catalyst 299
9.1.5  Sediment Formation 300
9.2 Experimental 301
9.2.1  EBR Experimental Unit 301
9.2.2  Catalyst Loading 303
9.2.3  Catalyst Bed Expansion 303
9.24  Operating Conditions 306
9.2.5  Starting-up, Adjustment, and Stabilization of Conditions 308
9.2.6  Catalyst Activation 312
9.3 Results and Discussion 312
9.3.1  Operating Conditions 312
9.3.2  Real Conversion and Yields 312
9.3.3  Effect of Pressure 317
9.3.4  Effect of Hydrogen Purity 325
9.3.5 Effect of LHSV 329
9.3.6  Hydrogen Consumption 336
9.4 Conclusions 336
References 337

10 Experimentation in Continuous Stirred Tank Reactors 341

Luis C. Castaneda, José A.D. Murioz, and Jorge Ancheyta
10.1 Introduction 341
10.2 Hydrocracking/Hydrotreating Experiments in CSTRs 343
10.2.1 Hydrocracking of an Atmospheric Residue (343°C+) 345
10.2.2 Hydrocracking of an Atmospheric Residue (312°C+) 351
10.2.3  Parallel Thermal and Catalytic Hydrotreating of Heavy Oil 352
10.2.4 Deactivation of a Hydrotreating Catalyst in a Bench-scale CSTR 358
10.3 Results and Discussion 359
10.3.1 Hydrocracking of an Atmospheric Residue (343°C+) 359
10.3.2 Hydrocracking of an Atmospheric Residue (312°C+) 361
10.3.3  Parallel Thermal and Catalytic Hydrotreating of Heavy Oil 369
10.3.4 Deactivation of a Hydrotreating Catalyst in a Bench-scale CSTR 378
10.4 Conclusions 390

Nomenclature 391

Greek Symbols 392

Subscripts 393

References 394

Index 399



About the Editor

Jorge Ancheyta, PhD, graduated with a
Bachelor’s degree in petrochemical
engineering (1989), a Master’s degree
in chemical engineering (1993), and a
Master’s degree in administration,
planning and economics of hydro-
carbons (1997) from the National
Polytechnic Institute of Mexico. He
splits his PhD between the Metropolitan
Autonomous University of Mexico and
Imperial College London, UK (1998),
and was awarded a postdoctoral fel-
lowship in the Laboratory of Catalytic
Process Engineering of the CPE-CNRS
in Lyon, France (1999). He has also
been visiting professor at the
Laboratoire de Catalyse et Spectrochimie, Université de Caen, France (2008, 2009,
2010), Imperial College London, UK (2009), and the Mining University at Saint
Petersburg, Russia (2016, 2017).

Dr. Ancheyta has worked for the Mexican Institute of Petroleum (IMP) since 1989 and
his present position is Manager of Products for the Transformation of Crude Oil. He has
also worked as professor at the undergraduate and postgraduate levels for the School of
Chemical Engineering and Extractive Industries at the National Polytechnic Institute of
Mexico since 1992 and for the IMP postgrade since 2003. He has been supervisor of more
than 120 BSc, MSc, and PhD theses. Dr. Ancheyta has also been supervisor of a number of
postdoctoral and sabbatical year professors.

Dr. Ancheyta works on the development and application of petroleum refining catalysts,
kinetic and reactor models, and process technologies mainly in catalytic cracking, catalytic
reforming, middle distillate hydrotreating, and heavy oils upgrading. He is author and
co-author of a number of patents, books, and about 250 scientific papers (H-index of 45),
has been awarded the highest distinction (Level III) as National Researcher by the

Xi



xii

About the Editor

Mexican government and is a member of the Mexican Academy of Science. He is Principal
Associate Editor of the international journal FUEL. Dr. Ancheyta has also chaired numer-
ous yearly international conferences since 2004, namely the International Symposium on
Hydroprocessing of Oil Fractions and the International-Mexican Congress on Chemical
Reaction Engineering.



Notes on Contributors

All the contributors have worked for the Mexican Institute of Petroleum (IMP, Instituto
Mexicano del Petréleo) in the management of products for the transformation of crude oil in
the direction of product technology. They have worked together since 1999 in the upgrading
of heavy oils group. Throughout this time, the team has gained vast experience and world-
wide recognition in the development of processes, catalysts, kinetic, and reactor models,
particularly for catalytic hydrotreating of petroleum distillates, conversion of residue,
upgrading of heavy oils, and production of clean fuels. The individual experience of each
researcher is reflected in each of the chapters with the aim of guiding new and current
scientists towards new developments in the fascinating world of petroleum refining. We
would like to thank the many people from IMP and BSc, MSc, and PhD students who dur-
ing this time have helped with experimental work, characterization studies, development
of methodologies, and modeling work studies.

Fernando Alonso
Mexican Institute of Petroleum

Jorge Ancheyta
Mexican Institute of Petroleum

xiii



xiv | Notes on Contributors

Luis C. Castaneda
Mexican Institute of Petroleum

Guillermo Centeno
Mexican Institute of Petroleum

Samir K. Maity

Indian Institute of Petroleum
(formerly at the Mexican Institute
of Petroleum)

Gustavo Marroquin
Mexican Institute of Petroleum




Notes on Contributors | xv

José A.D. Muiioz
Mexican Institute of Petroleum

Mohan S. Rana

Kuwait Institute for Scientific
Research (formerly at the Mexican
Institute of Petroleum)

Patricia Rayo
Mexican Institute of Petroleum

Pablo Torres-Mancera
Mexican Institute of Petroleum







Preface

Catalytic hydrotreating (HDT) is a mature technology that has been practiced in the petro-
leum refining industry for the upgrading of hydrocarbon streams for the last 60years. For
conventional distillate hydrotreating, the main purpose of the process is to remove impuri-
ties such as heteroatoms (sulfur, nitrogen, and oxygen) and saturate aromatic and olefinic
compounds, whereas in the case of heavy oils and residues, it also comprises the elimina-
tion of metals (nickel and vanadium), conversion of asphaltene molecules, and hydroc-
racking of heavy fractions. Its major applications in current refinery operations can be
grouped in the following categories: (i) feed pretreatment for conversion processes such as
catalytic reforming, catalytic cracking, and hydrocracking, (ii) post-hydrotreating of distil-
lates, and more recently (iii) upgrading of heavy crude oils. In the first case, generally the
objective is to reduce the amount of sulfur, basic nitrogen compounds, metals and polynu-
clear aromatics, which act as deactivation agents in acid-catalyzed processes. The second
category includes the finishing step to produce transportation fuels that meet ecological
standards (e.g. ultra-low sulfur gasoline and diesel). The final group aim to increase the
API gravity of the crude oil, reducing viscosity, removing impurities, and producing lighter
and better quality oils.

There are numerous hydrotreating processes for handling all types of refinery streams
and for each specific objective. They differ in reactor technology, catalyst type, operating
conditions, and process configuration. Among all the reactor technologies, fixed-bed reac-
tors are still the most widely used in HDT operations due to their flexibility and relative
simplicity. Other types of reactors, such as moving-bed, ebullated-bed, and slurry-phase,
are also available for upgrading the heaviest fractions.

Hydrotreating is carried out in a wide range of operating conditions. The severity of the
process is adjusted depending on the properties of the feed and required product composi-
tion. The main process variables are pressure, temperature, hydrogen-to-oil ratio, and
space-velocity. Each variable influences every single aspect of the process; therefore the set
of operating conditions must be carefully tailored to achieve efficient operation.

For proper design of HDT processes and catalysts, experimental studies in different reac-
tion scales are mandatory. The scaling-up steps must be carried out with great care based
on appropriate experimental methodologies to ensure that the development of the process
or catalyst will successfully end up in commercial application. To do this, as well as such
methodologies, adequate experimental facilities for conducting characterization of hydro-
carbons and catalysts, as well as for evaluating catalyst performance, are necessary.

xvii
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Preface

Experimental Methods for Evaluation of Hydrotreating Catalysts provides a detailed
description of experiments in different reaction scales that are typically used when study-
ing processes and catalysts for hydrotreating different petroleum distillates. The book is
organized into ten chapters:

e Chapter 1 introduces general aspects of the experimental setups used for conducting
research studies for hydrotreating, such as type of operation, selection of reactor, experi-
mental considerations, and analysis of products.

o Chapter 2 deals with experimentation in glass reactors with model compounds. The dif-
ferent parts of a glass unit are described, such as the microreactor, gas flow section, feed
section, and product analysis. Details of calculations of molar concentration, partial
pressure, reaction rate, and conversion are given. Step-by-step procedures for catalyst
testing are also provided.

e Chapter 3 is devoted to experimentation with model molecules in batch reactors. The
methodology for carrying out experiments in batch reactors is described in detail, and
important reaction issues are highlighted, such as mass transfer effects, catalyst particle
size, and kinetic studies.

e Chapter 4 describes experimentation in batch reactors with petroleum distillates. The
use of batch reactors and modes of operation are discussed, as well as data collection and
analysis of experimental data. Determination of catalyst effectiveness factor, reaction
rate coefficients, and activation energy are also covered.

o Chapter 5 focuses on experimentation with heavy oil in a batch reactor. Apart from pro-
viding details of the experimental setup and procedures, examples of the preparation of
supports and catalysts, and their use in the hydrotreating reaction are described.
Advantages and disadvantages of batch reactors are also highlighted.

o Chapter 6 describes experimentation in small-scale continuous fixed-bed tubular reac-
tors. Explanation of the experimental unit as well as catalyst loading, activation, unload-
ing, and characterization are given. Tests with a series of different catalysts are discussed
in terms of effect of diluent composition, catalyst support, support modification, and
additive incorporation.

o Chapter 7 deals with experimentation in medium-scale continuous fixed-bed tubular
reactors. Experiments for studying the isothermality of the reactor, flow regime, ideality
of flow pattern, and mass transfer gradients are discussed. Examples of the use of the
unit for hydrotreating heavy oil and middle distillates with different catalysts are given.

o Chapter 8 is devoted to experimentation in large-scale continuous fixed-bed tubular
reactors. Different case studies are presented, such as hydrotreating of heavy residue,
hydrotreating of highly aromatic petroleum distillates, characterization of spent catalyst
from residue hydrotreating, and reaction kinetics for hydrotreating of residue.

e Chapter 9 presents experimentation in large-scale continuous ebullated-bed reactors.
Details of the characteristics of this type of reactor are given, such as different parts of the
reactor, advantages and disadvantages, catalyst issues, and sediment formation. Various
experimental tests are described in detail in terms of the effect of reaction conditions on
impurities removal, conversion, composition of products, and hydrogen consumption.

o Chapter 10 details experimentation in continuous stirred tank reactors. A series of exper-
iments are described, such as hydrocracking of an atmospheric residue, parallel thermal
and catalytic hydrotreating of heavy oil, and deactivation of a hydrotreating catalyst.



Preface

Each chapter provides detailed information and step-by-step procedures for each level of
experimentation for conducting correct hydrotreating experiments. Examples of the evalu-
ation of reaction conditions, type of feed, type of catalyst and support, with different char-
acterization techniques for petroleum feedstocks and for fresh and spent catalysts, as well
as experiments for determining mass transfer limitations and deviation from ideality of
flow pattern are thoroughly described with the aid of detailed experimental data collected
from the different reaction scales.

Experimental data, explanations of how to conduct hydrotreating tests, calculations,
interpretation of results, and rigorous treatment of the different topics involved in the
development of hydrotreating processes and catalysts make this book an indispensable ref-
erence not only for professionals working in the area of catalytic hydrotreating, but also as
a textbook for full courses in chemical reaction engineering, in which experimental topics
on catalytic hydrotreating and other reactions are discussed.

It is expected that Experimental Methods for Evaluation of Hydrotreating Catalysts
will quickly become an outstanding and distinctive book because it emphasizes detailed
descriptions of the different reaction scales that are used for evaluating hydrotreating pro-
cesses and catalysts, gives details of experimental setups, methodologies, and characteriza-
tions, and provides a series of examples focused on the evaluation of different reaction
parameters and catalysts with a variety of petroleum feedstocks.

Jorge Ancheyta
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1

Experimental Setups for Hydrotreating
of Petroleum Fractions
Jorge Ancheyta

Mexican Petroleum Institute, Mexico City, Mexico

1.1 Introduction

The development of catalyst and process technologies for hydrotreating petroleum fractions
is a complex task that includes performing experiments at different reaction scales, so-
called scaling-up. All experimental scales are equally important since a full understanding
of all factors that can affect the performance of different hydrotreating reactions should be
considered. For example, hydrodynamics and transport properties are responsible for mass
transfer between phases and these ultimately have an impact on the production of any
specific product. In lower-scale experiments, it is necessary to understand factors that
could be responsible for changes in the development of a reaction, such as deactivation of
the catalyst by intermediate products of the reaction, deposition of large molecules on the
active sites of the catalysts or molecular changes in the active compounds due to changes
in the oxidation states of active catalytic species. When a chemical reaction is being
investigated, it usually follows a scale-up process before it becomes an industrial process. It
stars at micro-reactor level where the feasibility of the process is tested and if results are
promising it is moved one level up to bench scale and/or then to pilot plant scale, semi-
commercial scale, and finally it becomes an industrial process. At the early stages of experi-
mentation there is preliminary research to evaluate the feasibility of any chemical process.
This proof of concept step involves carrying out a series of carefully planned experimental
tests that provide sufficient information on whether to continue or discard this new
approach. When results are encountered, encouraging the information compiled through
this stage is key to providing the intrinsic kinetic model of the reaction, the type of reactor
needed, catalyst, hydrodynamics, optimum operational conditions, and limiting issues of
the reaction, among other valuable information.

It is then important to have clear idea about the characteristics of the reactors used in the
different evaluation scales. This chapter describes the advantages and disadvantages of the
operation modes and type of reactors used during hydrotreating, which can be used as a
guide for designing catalysts and new processes.

Experimental Methods for Evaluation of Hydrotreating Catalysts, First Edition. Edited by Jorge Ancheyta.
© 2020 John Wiley & Sons Ltd. Published 2020 by John Wiley & Sons Ltd.



2

1 Experimental Setups for Hydrotreating of Petroleum Fractions
1.2 Type of Operation

In terms of the type of operation, there are three main modes of operation of experimental
units. The most simple and common is batch, where reactants are loaded into the reactor
at the beginning of the operation and products and unreacted chemicals are collected at the
end. In hydrotreating reactions, the consumption of hydrogen might cause the total pres-
sure of the system to decrease, therefore the ratio of hydrogen to heavy oil will decrease
over time and only is known at the beginning of the experiment.

On the other hand, if isobaric operation is required, hydrogen can be added through the
course of the reaction to maintain the pressure of the system while liquid remains station-
ary. This type of operation is known as semi-batch. Both batch and semi-batch operations
require a minimum amount of reactants and some additional equipment compared with
continuous operation. Something important to consider is that in non-continuous opera-
tion, the initial reaction time is uncertain. It is commonly accepted that the initial reaction
time starts once all reactants are confined in the reactor and operating conditions have
been reached. Consequently, it is difficult to confirm that prior to reaching this point, reac-
tants were unaffected by heating or pressurization of the system. Batch and semi-batch
operations are performed in three steps: loading and preparation of reactants (heating and
pressurization), reaction, and product separation and quantification.

Continuous operation represents a more challenging task in terms of design, construc-
tion, and operation. Similar to the non-continuous mode, the experimental reaction in con-
tinuous systems comprises three well-defined sections: delivery and preparation of
feedstocks, reaction, and product separation and quantification. In the first section, reac-
tant flow rates are established and operating conditions are met before the streams enter
the reactor. The reaction section comprises only the reactor. In the product separation and
quantification section, the products leaving the reactor are conditioned for subsequent
quantification and analysis. In continuous operation a certain amount of time should be
allowed before the unit reaches steady-state operation.

Batch reactors are preferred at early stages of research because they require the least
equipment and are easy to operate. Continuous operation is more demanding in terms of
experimental equipment and operational costs. Table 1.1 summarizes the operational
characteristics of the three types of processes. Although some aspects of the hydrotreating
catalyst and process influence the decision regarding the type of operation, the selection of
any particular type of operation depends entirely on the scope of the experimentation and
the economical resources available.

1.3 Selection of the Reactor

The success of scaling-up any chemical process is based on the reliability of experimental
data collected. As the chemical reactor is the centre of any chemical process, the reactor
selected will impact on the accuracy of the experimental information produced from it. The
reactor selection is determined by the nature of the chemical reaction being studied and
the aim of the experimental results obtained from it. It is important to identify, for example,
the number of phases involved, the compositions of the streams, the complexity of the



1.4 Experimental Considerations for the Operation of the Laboratory Reactor

Table 1.1 Comparison of operation in batch, semi-batch, and continuous experimental setups.

Type of operation

Factor considered Batch Semi-batch Continuous
Amount and cost of equipment Low Intermediate High

Cost of installation Low Low High

Cost of operation Low Intermediate High

Ease of operation Easy Easy Complicated
Amount of reactants required Low Intermediate High
Operational safety Safer Safer Safe
Resemblance with industrial operation Low Intermediate High

Table 1.2 Summary of information required for designing catalytic reactors.

Catalyst design Reactor design Catalytic reactor design
Mechanical and flow properties Kinetics of the reaction Reaction conditions
Catalytic properties Mass balance Catalyst type

Physical and chemical properties Momentum and energy balance Type of reactor

reaction paths, the range of operating conditions, the heat generated or consumed by the
reaction, the possible reaction products, the characteristics of the catalyst (size and shape)
or sampling of products, among others. The selection of the reactor depends on the avail-
able information on mass and energy balances as well as the chemical kinetics of any spe-
cific reaction. The aim of performing experiments is invariably to provide reliable technical
information to discard or continue with the next step of process development.

Table 1.2 summarizes the three main parameters required for designing a catalytic
reactor as suggested by Bartholomew and Hecker (1994). Since the kinetics of the reaction
might be not known, the reactor volume cannot be calculated directly, but previous experi-
mental information on similar reactions can provide a sensible estimate of the size of the
reactor needed for any particular application.

1.4 Experimental Considerations for the Operation
of the Laboratory Reactor

It should be pointed out that if the main purpose of the reactor is to develop kinetic studies
of reactions only chemical reactors with a flow pattern close to ideal models should be
considered. Any real chemical reactor has its operational boundaries in the performance of
the continuous stirred tank (maximum mixedness) and the plug-flow reactor (completely
segregated) (Nauman 2008). For this reason, it is important to consider that if chemical
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kinetics studies will be performed, the stirred tank reactor operating in batch, semi-batch,
and continuous mode should be considered first. The main disadvantage of the bubble
column and fluidized bed reactor in chemical kinetics is their poor performance due to the
poor backmixing. These reactors should operate with a high ratio of recirculation to
resemble the conditions of maximum mixedness characteristic of stirred tank reactors. If
operation close to an ideal reactor can be achieved, the kinetics of the reaction can be
obtained from a relatively simple mathematical expression. For catalyst exploration and
evaluation there is no restriction on the type of reactor but the results should be cautiously
interpreted.

At laboratory level it is not surprising to find mainly continuous stirred tank reactors,
although at industrial level these reactors are rarely used except for very specific operations
(Donati and Paludetto 1999), and very often experimental data obtained from stirred tanks
are used for scaling-up or optimizing the operation of industrial reactors. It is difficult to
pick out an ideal experimental reactor because its selection will depend on many factors.
Basically, stirred tank reactors offer the highest flexibility of all reactors because they can
be operated in batch or semi-batch without any major changes in the experimental setup or
in a continuous mode. This type of reactor is perfect for kinetic studies provided that devia-
tions from ideal behaviour are minimal (gradientless in temperature and concentration).

If premixing of the streams before entering the reactor is envisioned in the experimental
plant design, static mixers should be considered for the operation (Stankiewicz and Moulijn
2000). Mixing devices can be chosen for the operation depending on the flow regime (lami-
nar, transition, or turbulent) of the streams but static mixers are suitable for gas-liquid
mixing independently of the flow regime. Static mixers improve considerably the axial
mixing of both phases and because of this they can even be used as a double-purpose
devices (mixing and reaction). If mixing of the streams is not accomplished in a static
mixer, it is usually good practice to allow a minimum distance of one hundred times the
internal diameter of the tubing before entering the following stage in the process
(Trambouze et al. 1984).

Sampling is critical in kinetic studies and perhaps a difficult operation to accomplish
in any type of process. If it is carried out in a non-steady-state reactor the volume of the
sample should not affect the total volume of the reactor. Sampling should be carried out
in a system that allows fast cooling and efficient storage to avoid any misinterpretation of
the data.

Another possible operational problem encountered in hydrotreating, particularly when
heavy oils are processed, is the possibility of plugging in the equipment (Pang et al. 2009).
Cracking of long hydrocarbon chains inevitably produces coke and sludge, which can
reduce operational efficiency.

Mixing is the main factor that overcomes the mass transfer resistance in the reactor but
it only affects the gas-liquid resistance and consequently other factors might be varied
(Levenspiel 1999). In order to lower the liquid-solid resistance, small catalyst particles
with high superficial area can be used. To avoid pore diffusion the use of very small parti-
cles is recommended. In an experimental plan, it is useful to vary some of the reaction
parameters (agitation speed, catalyst loading, catalyst size, hydrogen concentration, reac-
tants flow rate, total pressure of the system) between experiments to identify any major
contribution of the operational parameters.



1.5 Considerations for Experimental Reactor Configuration
1.5 Considerations for Experimental Reactor Configuration

There are no standard guidelines for designing an experimental setup on an industrial
scale. At laboratory reactor level, the design relies more on previous experience with a simi-
lar process or adapting an already installed experimental setup to cope with new catalyst
and process needs. The experimental setup is divided into three main stages (non-steady
operation) or sections (steady operation): delivery and preparation, reaction and separa-
tion, and cooling, depressurization and sampling. Once the reactor and mode of operation
have been defined, the next stage is to calculate the mass and energy balance of the com-
plete operation. After the laboratory setup has been configured, it is advisable to carry out
a simulation of the experimental plant using a process software simulator to identify any
additional process equipment required (such as phase separators, heat exchangers, etc.)
and any probable cause of error in the mass balance (i.e. loss of light hydrocarbons in
certain parts of the unit) in certain sections of the plant. The rest of the equipment will be
selected according to the mode of operation of the experimental setup.

1.5.1 Configuration for Batch and Semi-batch Operation Modes

These two modes of operation result in the lowest investment in laboratory equipment.
Stirred tank reactors are usually chosen as laboratory reactors for this type of operation.
Figure 1.1 shows a simple process diagram of the experimental setup. In the diagram the
hydrogen is supplied by gas cylinders connected directly to the reactor. The total mass bal-
ance is carried out by measuring accurately the initial amount or flow of hydrogen and
hydrocarbon, and liquid and gas product streams. Liquid product quantification might be
determined by weighing before storage for subsequent analysis while gas quantification
requires a flow meter for total gas quantification and online analysis by gas chromatograph.
The gas product stream contains mainly unreacted hydrogen and a mixture of reaction
products that comprise mainly light hydrocarbons and hydrogen sulfide. A scrubber is
located before venting the gases to remove mainly hydrogen sulfide from the stream.

In the case of semi-batch operation hydrogen is added continuously from the cylinders.
In batch mode the decay of pressure by the reaction consumption is never compensated

Flow meter Vent

Hydrogen
cylinders

Flow meter

Reactor

Scrubber

Gas
chromatograph

Figure 1.1 Experimental setup for hydrotreating in batch and semi-batch operation modes.
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and the ratio of hydrogen to hydrocarbon remains uncertain after the beginning of the
experiment.

If a sampling system is required, it should cool down the samples immediately once they
leave the reactor. Another cooling system is needed to stop the reaction from proceeding in
the vessel when the experiment is complete.

The experimental setup shown in Figure 1.1 is not the only possible configuration.
Changes can be made depending on the additional services available at the installation site
or any special requirements of the process. It is advisable for environmental and safety
reasons to burn the gas effluent instead of venting it to the atmosphere.

1.5.2 Configuration for Continuous Operation

The continuous mode requires more control of the inlet and outlet streams. Figure 1.2
shows a simplified diagram of the configuration of an experimental setup for continuous
operation. This unit is shown with a continuous stirred tank reactor, but a tubular reactor
could also be used. Flow meters are located at inlet and outlet streams and provide a mass
flow rate reading in order to reduce the error due to changes in the temperature and pres-
sure of the stream. One tank is needed to feed the hydrocarbon into the reactor and another
for product collection. Before entering the reactor both streams should be conditioned to
reaction pressure and temperature. The streams can be mixed in the reactor or before the
reactor but in the latter case a mixing device should be installed. Static mixers are preferred
but simpler devices like tees might be used instead if there is enough distance between the
mixing point and the subsequent operation.

Flow Gas Vent
Flow meter chromatograph
meter @ T
Mixer i
S Heat
exchanger
Flow S Heat
Scrubber
meter g% exchanger 4
@ Gas-liquid
Hydrogen Reactor separator
cylinders
T TT
Heat
exchanger
VAT
%
Feed Product
Pump Flow
tank meter tank

Figure 1.2 Experimental setup for hydrotreating in continuous operation mode.



1.6 Analysis of Products

Once the reacting mixture leaves the reactor, it enters a gas-liquid separator. After leav-
ing the separator, the gas and liquid should be conditioned for storage and analysis. It is
worth pointing out that liquid product can block process lines when heavy oils are pro-
cessed if the operation temperature is close to ambient. On the other hand, gas should be
analysed online to minimize any error in the mass balance of the system. A simulation of
the system should be able to identify the product distribution and expected flow rate of the
streams. The latter is useful to identify the amount of light hydrocarbons that is dissolved
in the liquid effluent and the amount and distribution of hydrocarbons that leave the sepa-
rator with the gas stream and which might not be analysed by the gas chromatograph.

1.6 Analysis of Products

Different analytical procedures are carried out in order to determine the composition,
properties, and/or characteristics of the hydrotreating reaction products.

1.6.1 Gases

The quantification of gas phase products (H,, H,S, and C;—-Cs hydrocarbons) is carried out
in a gas chromatograph. Chemical species are separated in molecular sieve columns and
identified by a thermal conductivity detector (TCD) and flame ionization detector (FID)
(Del Bianco et al. 1994; Kennepoh and Sanford 1996; Siewe and Ng 1998; Dehkissia et al.
2004).

1.6.2 Liquids

The liquid oil fraction is recovered from the reactor for subsequent analysis. The purpose is
to obtain valuable information about the boiling range distribution, elemental composition
(C, H, O, N, and S), impurities content, and to determine properties such as viscosity,
American Petroleum Institute (API) gravity, etc. The following are some examples of the
characterization techniques used to analyse liquid hydrocarbons.

o Boiling range distribution. The oil fraction product is commonly analysed by gas chroma-
tography (GC) temperature simulated distillation (SIM-DIST) and/or high-temperature
simulated distillation (HTSD). SIM-DIST is a useful analytical method because it is quick
and easy to use. This technique allows the elution of hydrocarbons containing up to 120
carbon atoms, using capillary columns with standing temperature up to 440 °C (Bacauda
et al. 1998). It can identify four pseudocomponents distinguished by their boiling points:
naphtha (initial boiling point [IBP]-216°C), distillates (216-343°C), vacuum gas oil
(343-545°C), and residue (545°C+), according to the ASTM D2887 method.
Thermogravimetric analysis (TGA) is sometimes also used, which is discussed in later
chapters. HTSD using GC is based on the determination of the true boiling point (TBP)
distribution of petroleum products up to a final boiling point (FBP) of 720°C and it is
recommended for analysis of samples containing distillation residua. It uses thermally
stable wide-bore capillary columns which have certain advantages over packed columns,
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for example better column stability and life, lower column bleed, faster analysis, elution
of higher boiling petroleum fractions, compatibility with automated on-column injec-
tion, and improved reproducibility. Nowadays, the ASTM D7169-11 method extends the
boiling point profile up to 720 °C (corresponding to the elution of n-Cyq), targeting high
molecular weight hydrocarbons that do not easily elute out of a GC column.

o Elemental analysis. The analysis of petroleum to determine the percentages of carbon,

hydrogen, nitrogen, oxygen, and sulfur (C, H, N, O, and S) is perhaps the first method
used to examine the general nature and perform an evaluation of a feedstock and hydro-
cracked products. The analyses are carried out in an elemental analyser (e.g., CHN-2000
from LECO) according to ASTM D-5185 methods. The atomic ratios of the various
elements to carbon (i.e. H/C, N/C, O/C, and S/C) are frequently used as indicators of the
overall character of the feedstock and products. It is also of value to determine the
amounts of trace elements, such as vanadium and nickel, in a feedstock since these
materials can have serious deleterious effects on catalyst performance during refining by
catalytic processes (Speight 2007). The ASTM methods for ultimate elemental analysis of
petroleum products are illustrated in Figure 1.3.

e Metal content. A variety of tests (ASTM D-1026, ASTM D-1262, ASTM D-1318, ASTM

D-1368, ASTM D-1548, ASTM D-1549, ASTM D-2547, ASTM D-2599, ASTM D-2788,
ASTM D-3340, ASTM D-3341, and ASTM D-3605) have been designated for the determi-
nation of metals in petroleum products. Determination of metals in whole feeds can be
accomplished by combustion of the sample so that only inorganic ash remains. The ash
can then be digested with acid and the solution is examined for metal species by atomic
absorption (AA) spectroscopy or inductively coupled argon plasma (ICAP) spectrometry
(Speight 2007). The methodology for metal determination includes sample preparation,
sample digestion, and metal quantification. Microwave ovens are commonly used for
digesting, dissolving, hydrolysing, extracting, or drying a wide range of materials for AA
and/or ICAP analysis.

e SARA composition. The four SARA fractions are saturates (S), aromatics (A), resins (R),

and asphaltenes (A). The SARA fractionation method usually starts with the removal of
asphaltenes by precipitation with a saturated hydrocarbon (n-pentane or n-heptane)
(Shuyi et al. 2008; Galarraga and Pereira-Almao 2010) as described by the ASTM D3279
method (Trejo et al. 2004). The following separation of the three remaining fractions
(SAR) is then accomplished by elution with a series of increasingly polar solvents as
mobile phases in accordance with the ASTM 2700 method to obtain the concentrations
of saturates, aromatics, and resins (Luo and Gu 2007; Molina et al. 2010). Saturates are

Hydrogen > | ASTM: D-1018, D-3178, D-3343, E-777 |
Nitrogen | ASTM: D-3179, D-3228, D-3431, E-148, E-258, E-778|
Oxygen | ASTM: E-385 |
Sulfur | ASTM: D-124, D-1266, D-1552, D-1757, D-4294 |

Figure 1.3 ASTM methods used for determining H,N, O,and S.



