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 Abstract 
This master’s thesis studies the effect water and atomic layer deposited (ALD) overcoating on activ-
ity, selectivity, and stability of cobalt catalyst in Fischer-Tropsch (FT) synthesis. ALD is a thin-film 
deposition technique based on sequential, self-limiting gas-solid reactions, and can be used to de-
sign and synthesize heterogeneous catalysts. ALD can also be used to grow protective films over 
porous catalysts. These ALD overcoatings are found to enhance catalytic activity and selectivity, and 
can improve catalyst stability against deactivation in high-temperature processes and liquid-phase 
reactions. 
 
The literature part of the thesis presents different catalyst overcoating techniques and their success-
ful examples, with an emphasis on ALD overcoatings. The principle of both ALD technique and FT 
synthesis are also presented. In addition, the effect of water on cobalt-based catalysts in FT synthesis 
is reviewed. 
 
In the experimental part, the effect of water and ALD overcoating on the performance of cobalt-
based FT catalyst was studied. A Co-Pt-Si/γ-Al2O3 catalyst was synthesized by co-impregnation 
technique and was further overcoated with 0, 30, 35, and 40 cycles of alumina ALD.  The reaction 
experiments were conducted in a fixed-bed reactor at 20 bar, 200 °C, and with H2/CO molar ratio 
of 2.0. The effect of water was tested by increasing the feed water concentration in a step-wise man-
ner. Furthermore, one experiment without water addition was carried out with the non-ALD-over-
coated catalyst and with the catalyst with 40 cycles of ALD to study the effect of overcoating in a 
long-term.  
 
The catalyst with 40 cycles of alumina was found to be more active and stable compared to the other 
catalysts. In the experiment without added water, the catalyst with 40 cycles of ALD maintained 
stable activity during 144 h on stream. In addition, the same catalyst showed improved stability at 
low water concentrations (20 mol-%) with only 2 % loss of catalytic activity, while other catalyst lost 
19-27 % of their activity at similar conditions. At high water concentrations (30 mol-%), all catalysts 
suffered from permanent deactivation, and only a relatively small part of the catalysts’ activities 
were recovered after the water supply was turned off. All catalysts showed decreased methane se-
lectivity and increased long-chain hydrocarbon selectivity upon water additions. ALD overcoating 
was found to enhance secondary hydrogenation of olefins, which was seen as decreased olefin-to-
paraffin ratio. Moreover, the overcoating increased methane selectivity and decreased formation of 
long-chain hydrocarbons.  Keywords  ALD overcoating, Fischer-Tropsch, water, cobalt 
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Tiivistelmä 
Diplomityössä tutkitaan veden ja atomikerroskasvatetun (atomic layer deposition, ALD) pinnoit-
teen vaikutusta koboltti katalyytin aktiivisuuteen, selektiivisyyteen ja stabiiliuteen Fischer-Tropsch 
(FT) synteesissä. ALD on peräkkäisiin, itsekyllästyviin kaasu-kiinteä reaktioihin perustuva ohutkal-
votekniikka, jota voidaan hyödyntää heterogeenisten katalyyttien valmistuksessa. Menetelmää voi-
daan käyttää myös suojaavien pinnoitteiden kasvatukseen huokoisten katalyyttien pinnalle. Kyseis-
ten ALD-pinnoitteiden on huomattu parantavan katalyyttien aktiivisuutta ja selektiivisyyttä sekä 
estävän deaktivoitumista erityisesti korkean lämpötilan prosesseissa ja vesifaasireaktioissa. 
 
Työn kirjallisuusosa tarkastelee erilaisia katalyyttien pinnoitustekniikoita ja niiden onnistuneita so-
vellutuksia. Työ painottuu esittelemään erityisesti ALD-tekniikalla valmistettuja katalyytti pinnoit-
teita. Lisäksi kirjallisuusosassa kuvataan sekä ALD-menetelmän että FT-synteesin periaate ja tar-
kastellaan veden vaikutusta koboltti pohjaisiin FT-katalyytteihin.  
 
Kokeellisessa osassa testattiin veden ja ALD-pinnoitteen vaikutusta koboltti pohjaisen FT-katalyy-
tin toimintaan. Kokeissa käytetty Co-Pt-Si/γ-Al2O3 katalyytti valmistettiin huokosimeytyksellä ja 
pinnoitettiin eripaksuisilla Al2O3-ALD-kerroksilla. Katalyyttien pinnoitemäärät olivat 0, 30, 35 ja 
40 sykliä alumiinia. Reaktiokokeet tehtiin kiintopetireaktorilla seuraavissa olosuhteissa: 20 bar, 
200 °C ja H2/CO moolisuhde= 2.0. Veden vaikutusta testattiin lisäämällä syötön vesipitoisuutta as-
teittain. Lisäksi pinnoitteen vaikutusta katalyytin aktiivisuuteen testattiin pitkäaikaiskokeella ilman 
vesisyöttöä. Kyseinen koe tehtiin pinnoittamattomalla ja 40 sykliä alumiini-pinnoitetta sisältävillä 
katalyyteillä. 
 
Tulokset osoittivat 40 syklisen katalyytin olevan aktiivisin ja stabiilein muihin verrattuna. Kyseinen 
katalyytti säilytti tasaisen aktiivisuuden 144 h pitkäaikaiskokeessa, jossa vettä ei lisätty lainkaan. 
Lisäksi katalyytti deaktivoitui alhaisemmissa vesipitoisuuksissa (20 mooli-%) oli vain 2 %, kun muut 
katalyytit menettivät noin 19-27 % aktiivisuudestaan samoissa koeolosuhteissa. Suurempi vesipitoi-
suus (30 mooli-%) deaktivoi katalyytit pysyvästi ja vain suhteellisen pieni osa aktiivisuudesta palau-
tui vesisyötön lopettamisen jälkeen. Vesi vähensi metaanin muodostumista ja paransi pitkäketjuis-
ten hiilivetyjen selektiivisyyttä kaikilla tutkituilla katalyyteillä. ALD-pinnoite paransi alkeenien se-
kundaarista hydrausta, mikä näkyi alkeeni/alkaani suhteen pienentymisenä. Lisäksi pinnoite kas-
vatti metaanin selektiivisyyttä ja vähensi pitkäketjuisten hiilivetyjen muodostumista. 
 Avainsanat   ALD-pinnoitteet, Fischer-Tropsch, vesi, koboltti 



Foreword 
 
This master’s thesis was carried out at VTT Technical Research Centre of Finland 

and was completed between January and August of 2020. The thesis was done as a 
part of EU-funded project called ICO2CHEM. 
I would like to thank Janne Hulkko for giving me the opportunity to do my master’s 
thesis for VTT. I also want to thank my advisor Niko Heikkinen for offering me such 
an interesting topic and giving me a great amount of valuable comments and guidance 
throughout the thesis work. Many thanks to my supervisor Riikka Puurunen for her 
patient guidance and advices during the thesis. I would also like to extent my gratitude 
to Matti Reinikainen for sharing his experience and knowledge in a form of feedback 
and discussion. In addition, special thanks to Patrik Eskelinen and Laura Keskiväli for 
preparing the ALD overcoatings, and to Tyko Viertiö for the catalyst characterization. 
Finally, I would like to thank my friends and family for their loving and unwavering 
support throughout the thesis. 
 
Espoo, 19th of September 2020 
Jasmiina Palo 
 
 



  

 

Table of Contents 
 
1 Introduction ..................................................................................................... 1 

2 Fischer-Tropsch synthesis ............................................................................ 3 

2.1 Reactions .................................................................................................. 3 

2.2 Catalysts ................................................................................................... 4 

2.3 Process conditions .................................................................................... 5 

2.4 Product distribution and selectivity ............................................................ 5 

2.5 Effect of water on cobalt catalysts ............................................................. 7 

3 Atomic layer deposition ............................................................................... 10 

3.1 Working principle ..................................................................................... 10 

3.2 Characteristics of ALD ............................................................................. 11 

3.3 ALD precursors and materials ................................................................. 12 

3.4 ALD as an overcoating technique ............................................................ 13 

3.5 Examples of ALD overcoatings ................................................................ 21 

4 Other overcoating techniques ..................................................................... 24 

4.1 Sol-gel process ....................................................................................... 24 

4.2 Hydrothermal reactions ........................................................................... 25 

4.3 Examples of overcoatings produced with wet chemistry techniques ........ 29 

5 Materials and methods ................................................................................. 30 

5.1 Catalyst preparation ................................................................................ 30 

5.2 Catalyst characterization ......................................................................... 31 

5.3 Fischer-Tropsch synthesis ....................................................................... 32 

5.3.1 Reactor setup .................................................................................. 32 

5.3.2 Catalyst packing............................................................................... 34 

5.3.3 Execution of the experiments ........................................................... 35 

5.4 Analysis of Fischer-Tropsch products ...................................................... 37 

5.5 Calculation methods ................................................................................ 39 

6 Results and discussion ................................................................................ 43 

6.1 Catalyst characterization ......................................................................... 43 

6.2 Fischer-Tropsch synthesis ....................................................................... 45 

6.2.1 Effect of water on Fischer-Tropsch activity ....................................... 45 

6.2.2 Effect of water on methane and C5+ selectivity ................................. 48 



  

  

6.2.3 Effect of water on olefin-to-paraffin ratio ........................................... 49 

6.2.4 Experiment without water addition ................................................... 50 

6.2.5 Effect of ALD overcoating ................................................................ 52 

7 Error estimation ............................................................................................ 57 

7.1 ALD overcoating procedure ..................................................................... 57 

7.2 Experimental work ................................................................................... 57 

8 Conclusions and future work ....................................................................... 59 

Bibliography ..................................................................................................... 61 

 
APPENDICES 
Appendix 1. Catalyst recipe 
Appendix 2. ALD overcoating results 
Appendix 3. Picture of Fischer-Tropsch oil and wax products 
Appendix 4. GC specifications (gaseous products) and example chromatogram 
Appendix 5. GC specifications (liquid products) and example chromatogram 
Appendix 6. GC specifications (waxeous products) and example chromatogram 
Appendix 7. Example of an excel template used for calculations 
Appendix 8. List of all experiments 
Appendix 9. Compiled results



  

 

Abbreviations 
ALD Atomic layer deposition 
APH Aqueous-phase hydrogenation 
ASF Anderson-Schulz-Flory 
BET Brunauer-Emmett-Teller 
BJH Barrett-Joyner-Halenda 
CTAB Cetyltrimethyl ammonium bromide 
CVD Chemical vapor deposition 
EG Ethylene glycol 
FID Flame ionization detector 
FT Fischer-Tropsch 
FTS Fischer-Tropsch synthesis 
GC Gas chromatograph 
GPC  Growth per cycle 
HC Hydrocarbon 
HTFT High-temperature Fischer-Tropsch 
LTFT Low-temperature Fischer-Tropsch 
MLD  Molecular layer deposition 
ODHE Oxidative dehydrogenation of ethane 
QCM Quartz crystal microbalance 
QMS  Quadrupole mass spectrometry 
RWGS Reverse water-gas-shift 
TCD Thermal conductivity detector 
TEM Transmission electron microscopy 
TEOS Tetraethyl orthosilicate 
TMA Trimethylaluminum 
TPR Temperature-programmed reduction 
WGS Water-gas-shift 
WHSV Weight hourly space velocity 
XRD X-ray diffraction 
 
  



  

  

Symbols 
α Chain growth probability 
Ai

FID  Peak area of a hydrocarbon i in FID-detector 
Ai

TCD Peak area of component i in TCD-detector 
CNi Carbon number of the hydrocarbon to be calculated 
CNi-1 Previous carbon number 
dp Particle diameter (mm) 
ΔHr Standard enthalpy of reaction ( kJ

mol
) 

f i
 FID Response factor of component i in FID-detector 

fi
TCD Response factor of component i in TCD-detector 

mcat  Catalyst mass, (g) 
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1 Introduction 
Fischer-Tropsch synthesis (FTS) is a catalyzed polymerization reaction used to 
convert syngas (CO + H2) into synthetic fuels and chemicals [1, 2]. Iron and cobalt are 
typically used to catalyze the Fischer-Tropsch (FT) reaction [1]. The FTS produces a 
wide range of hydrocarbons and water, which is the main reaction by-product [1, 2]. 
The effect of water on common FT catalysts have been studied extensively during the 
last few decades [3–17]. The research has shown that water can affect the CO 
conversion, the product selectivity, and in high concentrations, even cause permanent 
catalyst deactivation [17–20].  
Catalyst overcoating presents a potential solution for preventing catalyst deactivation. 
Catalyst overcoatings have been studied, e.g., in high-temperature applications and 
in liquid-phase conditions that typically cause catalyst sintering, coking and leaching 
[21–24]. In some cases, overcoatings have been found also to improve other 
properties such as product selectivity and catalytic activity [25–27].  
To this day, catalyst overcoatings have been applied by using wet chemistry and by 
film deposition techniques [22, 24, 27–29]. Examples of those include, e.g., sol-gel 
and chemical vapor deposition (CVD) techniques. However, these methods typically 
lack a precise control over film growth, which can cause undesired effects such as 
lowered catalytic activity. Another promising method is atomic layer deposition (ALD), 
a subclass of CVD, which is based on sequential, self-limiting surface reactions 
between the solid surface and gaseous reactants [30, 31]. The advantage of ALD 
comes from the possibility to grow various materials even on porous materials such 
as catalyst powder, with a nanometer control over the film thickness [30]. ALD has 
been used in heterogeneous catalysis to, e.g., deposit active metals on catalyst 
support, alter the structure of the catalyst surface, and recently as an overcoating 
technique [29, 31]. 
This master’s thesis was done as a part of EU-funded project called ICO2CHEM, 
which aims to develop an combined process consisting of two main syntheses, 
reverse water-gas-shift (RWGS) reaction and FTS [32]. The process focuses on 
utilizing industrial CO2 and H2 waste streams in the production of value-added 
chemicals. The objective of this thesis was to study the effect of water and ALD 
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overcoating on cobalt catalysed FTS, where heavy hydrocarbons are the desired 
product. The literature part of the thesis presents the principle of FTS and reviews the 
effect of water on alumina supported cobalt catalysts. Also, different overcoating 
techniques are presented with an emphasis on ALD overcoatings. In addition, the 
effects of the different overcoatings to various catalytic systems are reviewed.  
The aim of the experimental part was to study the effect of water and alumina ALD-
overcoating on the activity, selectivity, and stability of cobalt-based FT catalyst. In the 
reaction experiments, four cobalt catalyst with different numbers of overcoating were 
examined. The effect of water was tested by increasing the inlet water concentration 
in a step-wise manner. Moreover, in order to study the separate effects of ALD 
overcoating and water, an experiment without water addition was performed. 
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2 Fischer-Tropsch synthesis 
The Fischer-Tropsch synthesis was first introduced by scientists, Franz Fischer and 
Hans Tropsch, in Germany in the 1920s [33]. Since then, the technology has been 
continuously reviewed in order to produce synthetic fuels and chemicals from coal, 
natural gas, and biomass [34]. Recently, there has been interest in using industrial 
CO2 waste streams as the synthesis raw material [32]. Typically, FT synthesis is 
implemented to a multi-step process train, which consist of syngas generation, syngas 
treatment and conditioning, FT synthesis unit and product upgrading. Schematics of 
the process with integrated FTS is shown in Figure 1. 
 

 
Figure 1.  Schematics of the production of synthesis fuels and chemicals via FT implemented synthesis route. 

2.1 Reactions 
The FT synthesis is an exothermic, heterogeneously catalyzed polymerization 
reaction, where syngas is converted to a wide range of hydrocarbons and water [2, 
35, 36]. The overall synthesis can be simplified with Equation 1, where a step-by-step 
insertion of CH2 croups takes place [1, 2, 36]. 

n(CO + 2H2) → (-CH2-)
n

 + nH2O,     ΔHr= -165 
kJ

mol
 (1) 

The equation above can be further allocated to three main reactions [1, 2, 36]. These 
include formation of paraffins (Eq. 2), olefins (Eq. 3), and oxygenates (Eq. 4). 
Paraffins:  nCO + (2n+1)H2 → CnH2n+2 + nH2O  (2) 
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Olefins:  nCO + 2nH2 → CnH2n + nH2O  (3) 
Oxygenates:  nCO + 2nH2O ⇌ CnH2n+2O + (n-1)H

2
O  (4) 

 
Several side-reactions can take place during FTS [1, 2, 36]. One example is the water-
gas-shift (WGS) reaction where CO2 and H2 are produced from a reaction between 
water and CO [1, 2]: 
WGS:  CO + H2O ⇌ H2 + CO2              (5) 
 
Other side-reactions include methanation (Eq. 6) and formation of carbonaceous 
species via so-called Boudouard reaction (Eq. 7) [1, 2]. 
Methanation:  3H2+CO ⇌ CH4+ H2O   (6) 
Boudouard reaction: 2CO → C + CO2   (7) 
 
Moreover, a change in catalysts state can occur during FTS [2, 19]. 
Reduction:  MxOy + yH2 ⇌ yH

2
O + xM   (8) 

Oxidation:  MxOy + yCO ⇌ yCO
2

 + xM   (9) 
Bulk carbide formation: yCO + xM ⇌ MxCy   (10) 

2.2 Catalysts 
Metals known to catalyze FT reactions include iron, cobalt, and ruthenium [34]. 
Ruthenium is used mainly on a laboratory scale due to a rareness of the material and 
a uneconomic price [34]. Thus, only iron- and cobalt-based catalysts are used 
industrially [1, 34]. The choice of catalyst depends on the desired reaction product. 
Iron catalyst are preferred in applications with H2 poor syngas feed, since Fe has 
inherently high WGS activity and can adjust the syngas H2/CO ratio in situ [1, 34, 37]. 
The active species of iron are in the form of iron carbide, not the metal itself [1, 35]. 
Alkali promoters, for example copper (Cu) or potassium (K), can be added to the Fe 
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catalysts to increase selectivity to long-chain hydrocarbons [34, 38]. Iron-based 
catalyst generally produce more olefins and oxygenates compared to cobalt [34]. 
Cobalt-based catalysts have shown unique characteristics when applied to FTS, 
including high catalytic activity, good thermal stability, and selectivity toward long-
chain hydrocarbons [39]. Thus, cobalt catalysts are commonly used in FT processes 
which aim for heavy hydrocarbon production  [34]. Cobalt is typically dispersed on 
high-surface-area support to gain better activity and thermal stability. Most frequently 
used supports are alumina (Al2O3), silica (SiO2), and titania (TiO2) [7, 14, 38]. Often, 
small amounts of metal promoters, including platinum (Pt), rhenium (Re), and 
ruthenium (Ru), are added to improve the activity of the catalyst [40]. The second 
metal also improves reduction of the inactive cobalt oxide, creating highly dispersed 
cobalt particles with small particle diameters [40]. 

2.3 Process conditions 
The FT synthesis is conventionally carried out within a temperature range of 200–350 
°C, pressures between 5 and 60 bar, and molar syngas ratios (H2/CO) between 1 and 
2 [1, 34, 36]. Two operating approaches exist industrially, a low-temperature Fischer 
Tropsch (LTFT) mode and a high-temperature Fischer Trospch (HTFT) mode. The 
LTFT (200–250 °C) is used to produce heavier hydrocarbons, and cobalt is typically 
used as a catalyst [1]. On the contrary, in the HTFT process (320–350 °C) iron catalyst 
is used to produce lighter hydrocarbons, olefins, and oxygenates [1]. 

2.4 Product distribution and selectivity 
As can be seen from section 2.1, FTS is not selective to only one reaction product. 
Typical for polymerization reaction, the product distribution varies from light 
hydrocarbons to heavy waxes with a very high molecular weight. The product 
distribution can be estimated with the chain growth probability, α (i.e. α-value)  [34, 
36]. It is defined as a ratio of the chain propagation rate rp to the overall turnover rate 
(chain propagation rate + chain termination rate rt ), as presented in Equation 11.  
α=

rp

rp+rt
      (11) 
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The above equation is also called to as Anderson-Schulz-Flory (ASF) model and the 
ideal FT product distribution as ASF distribution [36, 38, 41]. The mass fractions of 
the ideal ASF distribution (or carbon atom selectivity), hydrocarbons containing n 
carbon atoms, can be calculated using Equation 12 
Wn

n
=

1-α2

α
αn      (12) 

, where n is the number of carbon atoms and Wn defines the mass fraction of product 
n (carbon atom selectivity). Figure 2 presents the ideal product distribution as function 
of α-value. 

 
Figure 2. Weight fractions of hydrocarbons as a function of α. Reproduced from van de Loosdrecht et al. [34]. 
 
The product α-value depends strongly the used catalyst. Typical α-value of Fe is in 
the range of 0.70–0.95, which corresponds to the hydrocarbons in the gasoline area 
(Figure 2). Cobalt catalysts display higher ASF α-values, typically in a range of 0.86–

0.95, producing more long-chain hydrocarbons [36]. In all cases, the α is dependent 
on the applied process conditions. High reaction temperatures increase the rate of 
termination, which results in production of low molecular mass hydrocarbons, 
especially methane [36]. Increased pressure typically favors the formation of long-
chain hydrocarbons, while being more evident with cobalt catalysts [36]. 
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2.5 Effect of water on cobalt catalysts 
Water is the main by-product of cobalt catalyzed FTS since almost all oxygen atoms 
from CO dissociation are removed in this form. Water has been shown to influence 
the performance of cobalt FT catalysts in various ways. In some examples, water 
enhances the activity of cobalt [8, 14, 15], but not in all [6, 7, 13, 14, 20]. This varying 
effect has been linked to support pore characteristics, especially to support pore size 
[7, 15, 19, 42]. Large pore supports, such as TiO2 or SiO2, typically show an improved 
CO conversion with the presence of water [8, 14, 15]. Conversely, mostly negative 
effect of water is reported with small pore diameter supports, including Al2O3 [6, 7, 13, 
14, 20].  
As an example, Borg et al. [15] investigated the effect of water on several γ-Al2O3 
supported cobalt catalysts. Studied catalyst samples had been divided into narrow-
pore and wide-pore catalysts depending on support mean pore diameter. Narrow-
pore catalysts had average pore diameter in a range of 7.1–11.6 nm and the wide-
pore catalysts had average pore size above 18.3 nm. Reaction experiments were 
carried out in an isothermal fixed-bed reactor at the following conditions: 210 °C, 20 
bar, and H2/CO= 2.1. The effect of water on catalytic activity was tested by first 
increasing CO conversion from 35 % to approximately 50 %. Increased conversion 
allowed testing the effect of indigeneous water i.e. more water was formed during the 
reaction. After increasing the CO conversion and keeping these conditions for 24 h, 
different amounts of water (inlet concentrations of 20 mol-% and 33 mol-% of water) 
were fed to the reactor. Increased conversion level had no significant impact on 
catalysts performance, whereas a moderate amount of added water (20 mol-%) 
decreased the formation rate of hydrocarbons for narrow-pore catalysts (Figure 3). 
Surprisingly, a similar amount of water was beneficial for the catalyst with a wider 
mean pore size, as shown in Figure 3. All the catalysts suffered from a rapid loss in 
catalytic activity and a permanent deactivation with higher water concentration.  
Similar observations were made by Rytter et al. [7]. The authors studied the influence 
of water on cobalt catalysts with thirteen γ-alumina supports with series of pore sizes. 
Catalyst testing was carried out in a fixed bed reactor at 210 °C, 20 bar, and with 
H2/CO ratio of 2.1. When water vapour was introduced to the reactor system, a 
significant negative impact on CO conversion was detected with small pore size 
catalysts (diameter <10 nm). On the contrary, with moderate water concentration and 
with wider support pore size, a positive effect on catalytic activity was observed. 
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Figure 3. Effect of water on the reaction rate of hydrocarbons as a function of time in case of 
γ-Al2O3 supported cobalt. Left-hand side: Narrow pore support (diameter 11.6 nm), Right-hand side: wide pore support (diameter 18.3 nm). Symbols: (--) water lever, (black box) water addition, and (white box) dry run. White dots illustrate the activity from the reference run without added water. Reproduced from Holmen et al. [15]. 
 
The effect of water on FT product distribution is found similar with all cobalt catalysts 
regardless of the used support type and it’s characteristics. Indigenous or added water 
increases the formation of C5+ hydrocarbons, decreases methane selectivity, and 
enhances product olefinicity [6, 7, 16, 42–44]. Water can also affect beneficially on 
the production of CO2 [12]. The positive effect of water on long-chain hydrocarbon 
selectivity is attributed to decreased hydrogenation activity of olefins, most likely due 
to competitive adsorption of water [10]. Decreased olefin hydrogenation, in turn, most 
likely leads to olefin readsorption and chain growth [10]. It is also suggested that water 
promotes activation of CO molecules, resulting in a higher amount of CH2 groups 
available for the chain growth reactions [7, 16]. 
Table 1 gives an overview of the observed effects of water on the catalytic activity and 
selectivity of various Co/Al2O3 catalysts. Catalyst pore size (average) and cobalt 
particle size (average) are also reported in the table.

Narrow pore  Wide pore  

Increased CO conversion Increased CO conversion 
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Table 1. Experimental results of the effect of water on alumina-supported cobalt catalysts  
Catalyst Reaction conditions Average 

pore size 
[nm] 

Average 
particle size  

[nm] 
Effect of water 

on CO 
conversion 

Effect of water 
on SCH4 

Effect of water 
on SC5+ 

Effect of water on 
Deactivation 

Ref. 

Co/γ-Al2O3 T= 210 °C,  
p= 20 bar, H2/CO= 

2.1 fixed-bed reactor 
6.7 a 15.2 b ↓ ↓ ↑ ↑  

(reversible) 
Storsæter et 
al. 2005 [14] 

CoRe/γ-
Al2O3 

T= 210 °C,  
p= 20 bar, H2/CO= 

2.1 fixed-bed reactor 
6.8 a 9.4 b ↓ ↓ ↑ ↑  

(reversible) 
Storsæter et 
al. 2005 [14] 

CoRe/γ-
Al2O3 

T= 210 °C,  
p= 20 bar, H2/CO= 

2.1 fixed-bed reactor 
7.1 a 11 b ↓ ↓ ↑ Permanent deactivation 

with high amounts of 
water (33 mol-%) 

Borg et al. 
2005 [15] 

CoRe/γ-
Al2O3 

T= 210 °C,  
p= 20 bar, H2/CO= 

2.1 fixed-bed reactor 
18.3 a 14 b ↑ 

 (with 20 mol-% of 
water) 

↓ ↑ Permanent deactivation 
with high amounts of 

water (33 mol-%) 
Borg et al. 
2005 [15] 

CoRe/γ-
Al2O3  

T= 210 °C,  
p= 20 bar, H2/CO= 

2.1 fixed-bed reactor 
7.9 8.6 b ↓ ↓ ↑ ↑  

(reversible) 
Rytter et al. 
2018 [7] 

CoRe/γ-
Al2O3 

T= 210 °C,  
p= 20 bar, H2/CO= 

2.1 fixed-bed reactor 
18.3 11.3 b ↑ 

 (with 20 mol-% of 
water) 

↓ ↑ ↑  
 

Rytter et al. 
2018 [7] 

a Calculated from N2 physisorption. b Calculated from H2 chemisorption. 
[↑] Increasing with water addition. [↓] Decreasing with water addition.
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3 Atomic layer deposition  
Atomic layer deposition (ALD) is a thin film growth technique based on a sequence of 
self-limiting surface reactions between gas-phase precursors and solid surface [31, 
45]. ALD is a subclass of the well-known chemical vapour deposition (CVD) process. 
In CVD, the precursors react simultaneously in the gas-phase and on the catalyst 
surface. While in ALD, the surface is exposed to precursors in a consecutive manner, 
one after another, and isolated by the inert gas purge in order to avoid gas-phase 
reactions [31, 45]. The sequential, self-saturating nature of ALD enables precise 
conformality and film thickness control even on high-aspect-ratio and porous 
structures. ALD processes have good reproducibility and a great number of available 
precursors to choose from. Owing to these attributes, the use of ALD has emerged in 
various industrial applications, particularly in microelectronics, nanotechnology, 
biotechnology, and photovoltaics [46]. Moreover, ALD has been used in 
heterogeneous catalysis for building catalytic surfaces, creating active phases, and 
improving catalysts’ stability via ALD overcoatings [31].  

3.1 Working principle 
In ALD process, the film growth proceeds in a cyclic manner as illustrated in Figure 4. 
One ALD cycle consists of four individual steps that are carried out in a heated 
vacuum chamber. At first, (a) a pulse of the first gaseous precursor is introduced to 
the substrate. This surface reaction with the precursor and the substrate is often 
referred to as a first half-cycle. Once the reaction is completed, the precursor pulse is 
stopped and (b) an inert gas purge is fed to the reaction chamber, or a high vacuum 
(i.e. evacuation) is used to remove the excess precursor and the surface reaction by-
products. Subsequently, (c) the second precursor is pulsed to the chamber to initiate 
the second half-cycle. The purpose of the second half-cycle is to remove the 
remaining ligands of the first precursor, thus regenerating the active sites. Finally, (d) 
the second purge or evacuation is introduced to remove the excess of the gaseous 
by-products and unreacted compounds. These ALD cycles are repeated until the 
desired film thickness is attained. [29–31] 
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Figure 4. Presentation of one ALD growth cycle of an “ideal” trimethylaluminum (TMA)/water process. a) A pulse of 1st precursor and adsorption on the surface; b) purge, followed by c) introduction of 2nd precursor, which reacts with the chemisorbed species; d) purge to remove excess reactants and reaction by-products. Reproduced from Leskelä et al. [46]. 

3.2 Characteristics of ALD  
Each ALD cycle adds a specific amount of the deposited material to the surface, 
typically less than one Å, depending on the used ALD process [30, 46]. This is referred 
as growth per cycle (CPG). To attain the self-limiting and saturative ALD process, the 
precursor pulse length needs to be long enough to achieve complete coverage of the 
available surface sites [46]. With sufficient pulse times, the precursor can diffuse into 
deep trenches and a complete surface reaction can be achieved [47]. Figure 5 
presents the saturated growth as a function of pulse time [46]. After a saturation point, 
the exposure of precursors does not result in any further deposition (Figure 5). Typical 
pulse times vary from one second to several seconds. [30, 46–49] 
Typical reaction temperature in an ALD process is in the range of 150–500 °C [49]. 
For each ALD process, there is usually a specific temperature range where self-
saturating growth can be achieved (Figure 5 inset) [46]. This temperature range is 
often referred as ALD temperature window [47, 50]. Temperatures outside the range 
typically yield to poor growth rates as a result of slow reaction kinetics, precursor 
condensation, film desorption, or thermal decomposition of the precursors. [30, 46–

48] 
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Figure 5. GPC as a function of precursor pulse time. The inner graph presents various GPC growth modes as a function of ALD process temperature. The ALD temperature window for saturated growth is marked with brown box. Reproduced from Leskelä et al. [46]. 

3.3 ALD precursors and materials 
ALD processes are dependent on efficient precursor chemistry. Precursors should be 
volatile enough to reach the gas-phase at room temperature or with reasonable 
heating, precursors should have sufficient thermal stability to avoid self-decomposing 
at vapor phase and on the substrate surface, and meet the criterion of self-saturation 
[30, 45, 49]. Moreover, the reactions between the precursors should be fast and 
irreversible to attain rapid surface saturation [45, 51].  
To summarize, general requirements for the ALD precursors include [49]: 

 Thermal stability 
 Sufficient volatility 
 Adsorption or reaction with the surface sites 
 Sufficient reactivity towards to the other precursor 
 Availability 
 Safe handling and non-toxicity if possible. 

Many classes of compounds have been used as ALD reactants. These can be roughly 
divided into two categories: non-metal precursors, such as nitrogen containing 
compounds (e.g. NH3 and (CH3)NNH2), hydrides (e.g. H2S, H2Se, and H2Te), oxygen 
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sources (e.g. H2O, O3, and H2O2), and into metal precursors, such as metal halides, 
alkoxides, and organometallics [45, 49].  
A wide range of materials have been grown by ALD and various processes have been 
developed for manufacturing different film compositions. The selection of material is 
limited by availability of precursors enabling the desired pathway [47]. Figure 6 
contains examples of materials grown by ALD in a form of periodic table [52]. These 
include for example pure elements, oxides, sulfides, and nitrides.  

 
Figure 6. Periodic table showing the materials prepared by ALD. Reproduced from Atomic Limits -web site [52]. 

3.4 ALD as an overcoating technique 
Lack of stability induces challenges to the design of heterogeneous catalysts. Active 
metal particles tend to suffer from deactivation owing to various mechanism such as 
particle migration and sintering, coking, and particle leaching, which in time can 
significantly reduce catalyst’s lifetime [31]. ALD  together with its organic counterpart, 
molecular layer deposition (MLD), have been used as a technique to create protective 
catalyst overcoatings to improve stability [53, 54].  
There are four strategies used to date to produce catalyst overcoatings with ALD and 
MLD techniques, as illustrated in Figure 7 [29, 55]. In these examples, the catalyst 
support is represented by the grey rectangle, black boxes are the active metal 
particles, and purple layer illustrates the catalyst overcoating. 
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Figure 7. Strategies for creating catalyst overcoatings using ALD and MLD techniques. Grey: catalyst support, purple: overcoat. Reproduced from Zhang and Medlin [55]. 
 
In type 1, the active metals are first selectively protected by bulky organic molecules, 
which during the subsequent ALD process, prevent the material growth on those 
particles. Molecules such as a calixarene adamantane-carboxylic acid, or 
octadenanethiol could be used as a protective species [29, 56]. In some cases, the 
blocking agent could originate also from metal precursor ligands [29]. Next, ALD is 
used to deposite the covering film. The idea of this type approach is that the ALD 
material does not grow on the organic molecules rather on the metal oxide support. 
Ultimatily, the blocking agent group is removed by calcination revealing the so-called 
nanobowl structure [29, 55]. This type of overcoating can protect nanoparticles 
against sintering and create size and shape selectivity to the catalyst [29, 55]. 
Alternatively, the supported catalysts can be coated by applying only a few ALD layers 
onto the catalyst surface (Figure 7 (II)). With this type of approach, merely particle 
edges, high index planes, and defects are covered, while active metal sites, such as 
flat planes are left available for catalysis [29, 55]. Such overcoating strategy can be 
advantageous for stabilizing metal particles against sintering and for mitigating 
catalyst coking, by selectively occupying catalyst sites, which are in nature more 
prone to coke formation [29, 55]. 
In type 3 strategy, the active metal and catalyst support are fully overcoated with 
several nanometers thick ALD film (Figure 7 (III)) [29]. In this state, the catalytic 
activity is almost completely eliminated and access to the particle surface needs to be 
restored. This is typically done by thermal heat treatment, which creates nanoscale 
porosity and re-creates the access to the catalytically active sites [29]. This type of 
overcoating can also be made using MLD technique. MLD overcoatings consists of 

(I) 
     
(II) 
    
(III) 
   
(IV) 
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alternating cycles of organic molecules and inorganic metal precursors, such as 
ethylene glycol (EG) and trimethylaluminium (TMA), respectively. After the thick MLD 
film is deposited over the catalyst, the organic component is removed by calcination 
leaving active metals re-exposed. Use of larger precurcors in MLD results in larger 
overcoating pore size and creates size selectivity to the catalyst [29]. Type 3 strategy 
ensures the accessibility of reactants to reach active metals but also prevents particle 
sintering via thick protecting film [29, 55].  
Type 4 structure uses molecular oxygen dissociation activity of the active metals to 
create area-selective oxide overcoatings. This type of structure can form 
encapsulated metal particles while leaving the inert catalyst support untouched 
(Figure 7 (IV)). Type 4 overcoatings have been done for instance by Singh et al. [57], 
who demonstrated the area-selective growth of Fe2O3 on Pt particles. t-butyl ferrocene 
and O2 were used as precurcors to create this type of encapsulated structure, as 
shown in Figure 8. The bright-field transmission electron microscopy (TEM) images 
show Fe2O3 overcoated Pt particles supported on SiO2 (Figure 8). 
Table 2 summarizes examples of the catalytic overcoatings produced with ALD and 
MLD techniques (type I–IV). Also, the effect of overcoating on catalyst’s performance 
and the reaction in which the catalyst was studied, are presented. Examples of ALD 
and MLD overcoatings, their impact on catalyst stability and activity are discussed in 
section 3.5.  

 
Figure 8. TEM images of Fe2O3 ALD overcoated Pt nanoparticles supported on SiO2. a) 25 and b) 50 cycles of Fe2O3 ALD. Reproduced from Singh et al. [57]. 
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Table 2. Examples of overcoatings created by ALD and MLD techniques. Table lists the used overcoating material, information of the overcoated catalyst, studied reaction, and the observed change in catalyst performance 
Overcoated 
catalyst 

Overcoating 
material 
 

Active metal/ 
support 

Overcoating 
type (See 
Figure 7) 

Overcoating 
information 

Reaction Change in catalyst performance Ref. 
Stability Activity Selectivity 

Al2O3/Au Al2O3 Au II ALD alumina: 4 
cycles, thickness 
1 nm, porous 
layer 

CO oxidation Mitigating sintering 
up to 900 °C in 
calcination 
procedure 

N.A. N.A. Biener et al. 
2011 [58] 

Al2O3/Pd/Al2O3 Al2O3 Pd/Al2O3 II ALD alumina: 1 to 
32 cycles 

Methanol 
decomposition 

Negligible sintering 
up to 500 °C in 
argon 

Improvement in 
catalytic activity 
with overcoats in 
range of 1–16 
cycles 

- Feng et al. 
2011 [59] 

Al2O3/Pd/Al2O3 Al2O3 Pd/Al2O3 - ALD alumina: film 
growth up to 50 
cycles was 
monitored with 
QCM and QMS 
measurements 

Only overcoating 
synthesis is 
described 

N.A. N.A. N.A. Lu et al. 
2012 [60] 

Al2O3/Pd/Al2O3 Al2O3 Pd/Al2O3 III ALD alumina: 45 
cycles, thickness 
8 nm, ~2 nm 
pores 

Dehydrogenation 
of ethane at 
675 °C   

No sintering after 
28 h of reaction, 
catalyst coking was 
decreased by 94 % 

Improved ethylene 
yield 

- Stair et al. 
2012 [61] 

QCM = Quartz crystal microbalance QMS = Quadrupole mass spectrometry N.A. = Not analyzed (-) = Information missing 
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Overcoated 
catalyst 

Overcoating 
material 
 

Active metal/ 
support 

Overcoating 
type (See 
Figure 7) 

Overcoating 
information 

Reaction Change in catalyst performance Ref. 
Stability Activity Selectivity 

Al2O3/Pd/Al2O3 Al2O3 Pd/Al2O3 I ALD alumina: 
octadecanethiol 
was used as a 
blocking agent 

Only overcoating 
synthesis is 
described 

N.A. N.A. N.A. Stair et al. 
2012 [56] 

Al2O3/Cu/Al2O3 Al2O3 Cu/Al2O3 III ALD alumina: 45 
cycles,  post-
treatment applied 

Furfural 
hydrogenation 
(liquid phase) at 
130 °C and 22 bar 

Overcoating stabilized 
catalyst particles 
against leaching. 
Improved stability 
against sintering during 
calcination at 700°C 

N.A. N.A. O’Neill et al. 

2013 [24] 

Al2O3/Cu/Al2O3 Al2O3 Cu/Al2O3 II ALD alumina: 5 
cycles 

Furfural 
hydrogenation  
(liquid phase) at 
130 °C and 22 bar 

Overcoating stabilized 
the catalyst against 
sintering and leaching 

N.A. N.A. O’Neill et al. 

2014 [62] 

 Al2O3/Cu-Cr Al2O3 Cu-Cr III ALD alumina: 10–

45  cycles, porous 
coating via post-
treatment at 
700 °C 

Furfural 
hydrogenation 
(vapor phase) 

Overcoating stabilized 
the catalyst against 
sintering reduced coke 
formation 

Thinner 
overcoating lead 
higher furfural 
hydrogenation 
activity 

- Elam et al. 
2014 [26] 

 

Continue for Table 2 

N.A. = Not analyzed (-) = Information missing  
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Overcoated 
catalyst 

Overcoating 
material 
 

Active metal/ 
support 

Overcoating 
type (See 
Figure 7) 

Overcoating 
information 

Reaction Change in catalyst performance Ref. 
Stability Activity Selectivity 

Al2O3/NiO Al2O3 NiO II ALD alumina: 5–

20 cycles 
Dry reforming of 
methane 

5 cycles: Improved 
sintering resistance 
up to 800 °C, 20 
cycles: stability 
against particle 
coking 

Significant 
improvement in 
methane 
conversion 

- Stair et al. 
2015 [63] 

Al2O3/Pd/Al2O3 Al2O3 Pd/Al2O3 III ALD alumina: 
20, 30, and 40 
cycles, post-
treatment 
applied 

Only overcoating 
synthesis is 
described 

N.A. N.A. N.A. Stair et al. 
2020 
[64] 

TiO2/Au TiO2 Au III ALD titania: 10 
cycles, 
thickness 1 nm, 
post-treatment 
applied 

CO oxidation N.A. Catalytic activity 
was increased 
almost 300 % 

- Biener et al. 
2011 [58] 

TiO2/Ni TiO2 Ni powder II ALD titania: 5 
cycles 

Dry reforming of 
methane 

Stable activity after 
65 h of reaction, 
reduced coke 
formation 

Increased 
catalytic activity 

- Seo et al. 
2012 [65] 

Continue for Table 2 

N.A. = Not analyzed (-) = Information missing  
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Overcoated 
catalyst 

Overcoating 
material 
 

Active metal/ 
support 

Overcoating 
type (See 
Figure 7) 

Overcoating 
information 

Reaction Change in catalyst performance Ref. 
Stability Activity Selectivity 

TiO2/Co/TiO2 TiO2  Co/TiO2 II ALD titania: 30 
cycles, thickness 
1.2 nm, post-
treatment 
applied (600 °C) 

Aqueous-phase 
hydrogenation 
reactions at 140 °C 
and 23.4 bar 

Overcoat alleviated 
catalyst sintering 
and leaching 

- Changes in reaction 
selectivity 

Lee et al. 
2014 [21] 

TiO2/Cu-Cr TiO2 Cu-Cr III ALD titania: 20 
cycles,  post-
treatment 
applied 

Furfural 
hydrogenation (vapor 
phase) 

Increased stability 
against coking and 
sintering 

Significant 
improvement in 
catalystic activity 

- Marshall et 
al. 2015 
[23] 

TiO2/Au/TiO2 TiO2 Au/TiO2 II/III ALD titania, 50 
cycles, thickness 
1.5 nm 

CO oxidation N.A. Increased 
catalytic activity 

- Lu et al. 
2016 [66] 

TiO2/Pt-Sr/TiO2 TiO2  Pt-Sr/TiO2 II ALD titania: 10 
cycles 

Acrolein 
hydrogenation 

Strong metal-
support interaction 
after coating 

- Increased 
selectivity 

Stair et. al 
2018 [67] 

SiO2/Au/TiO2 SiO2 Au/TiO2 III ALD silica: 15 
and 25 cycles, 
post-treatment 
applied 

CO oxidation and 
H2 oxidation 

Overcoat stabilized 
the catalyst against 
sintering 

Catalytic activity 
was tuned in CO 
and H2 oxidation  

- Ma et al. 
2008 [68] 

Continue for Table 2 

N.A. = Not analyzed (-) = Information missing  
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Overcoated 
catalyst 

Overcoating 
material 
 

Active metal/ 
support 

Overcoating 
type (See 
Figure 7) 

Overcoating 
information 

Reaction Change in catalyst performance Ref. 
Stability Activity Selectivity 

Alucone/ Pt/SiO2 Alucone Pt/SiO2 III MLD alucone: 20 
cycles, thickness 
~2 nm, post-
treatment applied 

CO oxidation at 150–

250 °C 
Catalyst sintering 
was drastically 
decreased even 
after calcination at 
800 °C for 4 h 

Catalytic activity 
was decreased 
upon overcoating 

- Weimer et 
al. 2011 
[22] 

Alucone/ Pt/SiO2 Alucone Pt/SiO2 III MLD alucone: 20 
cycles, thickness 
~2 nm, post-
treatment applied, 
~0.6 nm pores 

Hydrogenation of n-
hexene  and cis-
cyclooctene (liquid 
phase) 

N.A. Activity was 
decreased slightly 
upon overcoating 

Increased 
selectivity to n-
hexene 
hydrogenation 

Shang et al. 
2013 [69] 

Alucone/Ni/Al2O3 Alucone Ni/Al2O3 III MLD alucone: 5–

15 cycles, post-
treatment applied 

Dry reforming of 
methane at 700 °C 

Overcoat alleviated 
catalyst sintering 
and coking at 
700 °C 

Increased reaction 
rates 

- Medlin et 
al. 2014 
[53] 

Fe2O3/Pt/SiO2 Fe2O3 Pt/SiO2 IV ALD iron: 25 and 
50 cycles 

Only overcoating 
synthesis is 
described 

N.A. N.A. N.A. Singh et al. 
2018 [57] 

 

Continue for Table 2 

N.A. = Not analyzed (-) = Information missing  
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3.5 Examples of ALD overcoatings 
In the following paragraphs, examples of ALD and MLD overcoatings are presented 
in more detail. These include stabilizing the active catalyst particles against common 
deactivation mechanisms, such as catalyst sintering, coking, and leaching. The 
purpose of this section is to introduce the positive effects of the ALD and MLD 
overcoatings that could also explain the observed behavior of the catalysts studied in 
this thesis.  
As mentioned, heterogeneous catalysis faces problems with catalyst’s stability. High 

reaction temperatures and pressures can promote catalyst particle migration and 
sintering. Sintering causes a formation of larger catalyst clusters, which could reduce 
catalytic activity [55]. Several publications report an enhanced stability against 
sintering when protective ALD overcoatings are used [21, 23, 24, 58, 59, 61–63, 68]. 
For example, Al2O3 ALD overcoating was found to protect supported Cu catalyst 
against particle migration and sintering in liquid phase furfural hydrogenation reaction 
at 130 °C and 22 bar [24]. TMA-water process was used to produce the ALD overcoat, 
after which the porosity of the coating was retained by heat treatment at 700 °C.  
Similar results have been reported also for TiO2 ALD overcoats. Lee et al. [21] studied 
the effects of titania ALD overcoating on supported cobalt in aqueous-phase 
hydrogenation (APH) reactions at 140 °C. It was noticed that TiO2 ALD overcoating 
(film thickness 1.2 nm) prevents of cobalt particles from sintering up to 600 °C during 
calcination procedure, compared to non-ALD-overcoated catalyst. Additionally, titania 
overcoated catalyst also showed improved activity for APH reaction compared to non-
ALD-overcoated cobalt.  
A few publications also report improved thermal stability for MLD overcoated catalysts 
[22, 53, 69]. For example, Weimer et al. [22] studied the stability of alucone MLD 
overcoated Pt/SiO2 catalysts during high-temperature calcination (400–800 °C). Four 
catalyst with 10, 20, 30, and 40 cycles of alucone were prepared using alternating 
pulsing of EG and TMA at 160 °C. Corresponding film thicknesses were ~ 1, 2, 3, and 
4 nm, respectively. Organic EG molecules were later removed via oxidation treatment 
at 400 °C, giving porous alumina films as a result. The alumina MLD overcoatings 
were found to reduce Pt sintering during calcination, particularly for thicker films. The 
same catalysts were also tested for CO oxidation reaction at 150–250°C, in which it 
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was noticed that the MLD overcoating decreases the catalytic activity, most likely due 
too small pores of the deposited film [22].  
ALD and MLD overcoatings have been tested also for reactions, which are prone to 
cause catalyst coking. Stair et al. [61] studied the effect of Al2O3 ALD overcoating on 
supported Pd catalysts for oxidative dehydrogenation of ethane (ODHE) at 675 °C. 
45 cycles of alumina were deposited on Pd/Al2O3 catalysts with TMA-water process 
at 200 °C. The formed overcoating thickness was around 8 nm and a subsequent 
high-temperature treatment (700 °C) was used to recreate the access to the active 
metal. The reaction experiments were performed by comparing the activity of non-
ALD-overcoated and ALD overcoated catalysts. For the non-ALD-overcoated 
catalyst, a substantial deactivation by coking and sintering was noticed after 1 hour of 
ODHE. As for the Pd catalyst with 45 cycles of alumina, the ethylene yield was 
improved and the catalyst was found to contain 94 % less coke after the experiment 
compared to non-ALD-overcoated catalyst. The results suggested that ALD 
overcoating preferentially blocks the active sites that favor C-C scission, which are 
susceptible for coke formation. 
In another example, overcoating Ni powder with TiO2 ALD has been noticed to 
suppress coke formation significantly during dry reforming of methane at 800 °C [65]. 
Titania thin films were deposited using 5 cycles of ALD at 150 °C. Titanium 
tetraisopropoxide and water were used as precursors. ALD overcoated catalyst 
showed higher CH4 conversion of 45 % at initial stage, while the initial activity was 31 
% for bare Ni. After 65 h of reaction, only 5 % of the initial activity was lost for TiO2 
overcoated catalyst. Degree of deactivation was 23 % for bare Ni powder with same 
time on stream.  
Deposition of aluminum alkoxide (alucone) MLD layers on Ni/Al2O3 has also been 
exploited to alleviate coke formation during dry reforming of methane [53]. With only 
5 cycles of alucone, the amount of coke was reduced in half with overcoated catalysts 
compared to uncoated counterparts. 
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Figure 9. Cobalt leaching of TiO2 ALD overcoated and non-ALD-coated cobalt catalysts during APH of furfural alcohol. Reaction conditions: 140 °C, 23.4 bar, WHSV= 5.8 h-1. Reproduced from Lee et al. [21].  
 
The examples above show that ALD overcoatings can be used to stabilize catalysts 
against deactivation under gas-phase conditions. However, O’Neill and coworkers 

were first to report that Al2O3 ALD overcoatings could be also used to inhibit active 
metal leaching in liquid-phase reactions [24]. In their study, alumina overcoated 
copper nanoparticles were studied for APH reaction of furfural alcohol. A 45 cycles 
thick ALD overcoating produced with TMA-water process was found to stabilize cobalt 
particles without significant loss in catalytic activity. 
Later, also TiO2 ALD overcoating were tested for similar reaction (APH of furfural 
alcohol) [21]. In a study by Lee et al. [21], TiO2 overcoated and non-ALD-coated cobalt 
catalysts were studied in APH of furfural alcohol in continuous flow reactor at 140 °C 
and 23.4 bar. The non-ALD-overcoated cobalt leached up to 10 % during 2100 min 
on stream, as seen in Figure 9. In contrast, no cobalt leaching was detected with TiO2 
ALD overcoated even after catalyst regeneration. 
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4 Other overcoating techniques 
In this chapter, other overcoating techniques based on wet chemistry are reviewed. 

4.1 Sol-gel process 
Sol-gel chemistry is based on hydrolysis and condensation reactions between 
inorganic precursors (e.g. metal salts and metal alkoxides) and solvent (e.g. water 
and alcohols) to form polymerized metal oxide networks [54, 70]. The sol-gel process 
can be classified as non-hydrolytic or hydrolytic, depending on the solvent used to 
manipulate hydrolysis/condensation reactions. A porous coating structure is attained 
after the synthesis by calcination procedures or by organic solvent washing [55]. 
Various catalysts, both supported and unsupported, have been overcoated with silica 
[28, 71, 72], titania [71, 72], and alumina [54] using sol-gel processes. Compared to 
thin film deposition techniques, such as ALD, which require complex instrumentation 
and expensive precursors, sol-gel method is considered as a more facile and cheaper 
alternative. 

 
Figure 10. Gradual growth of SiO2 overcoating on supported Pt/TiO2 catalysts as a function of reaction time: a) after 0, b) 1, c) 2, d) 3, e) 4, and f) 5 h. Overcoating was produced using sol-gel process. Reproduced from Lu et al. [28]. 
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Stöber method is a well-known example of sol-gel chemistry [54]. In the Stöber 
process, tetraethyl orthosilicate (TEOS) is added in small doses into a suspension 
containing the catalyst and controlled amount of alcohol solvent, ammonia, and water 
[54]. The method was established by Stöber and coworkers in the 1960s as a 
synthesis for colloidal silica spheres [71]. Recently, the Stöber process has been 
applied also for creating overcoated catalysts. A layer of surfactant molecules or 
polymers can be used to embed the active metals before overcoating. These 
compounds, typically called as capping agents, can assist the encapsulation, prevent 
particle aggromelation, and hinder the film growth [55, 73]. For instance, Lu et al. [28], 
prepared a SiO2 overcoating onto the TiO2 supported Pt catalyst using a selective sol-
gel method. The growth mode of silica overcoating was carefully controlled using a 
poly(vinylpyrrolidone) on Pt particles to inhibit their coating with silica, as shown in 
Figure 10. 

4.2 Hydrothermal reactions 
Hydrothermal processing is based on hydrolysis reactions occurring at high pressures 
and moderate temperatures (<200 °C) in aqueous solutions to produce mesoporous 
structures [55]. This one-step preparation process is typically carried out in a sealed 
pressure vessel. After synthesis, the formed coated catalysts are dried and calcined 
to create overcoating porosity.  
Table 3 contains examples of the catalytic overcoatings produced wet chemistry 
based techniques. Also, the effect of overcoating on catalyst’s performance, and the 

reaction in which the catalyst was studied, are presented. Overcoating examples of 
and their impact on catalyst stability and functionality are reviewed shortly in section 
4.3.
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Overcoated 
catalyst 

Overcoating 
material 

Active metal/ 
support 

Overcoating  
method and additional 
information 

Reaction Change in catalyst performance Ref. 
Stability Activity Selectivity 

Al2O3/Cu/Al2O3 Al2O3 Cu/Al2O3 Sol-gel Al2O3 Furfural 
hydrogenation 
(liquid phase) at 
130 °C and 23 bar 

Improved stability 
against sintering during 
regeneration at 400 °C, 
no leaching detected  

Initial activity was 
fully recoverable after 
generation 

- Luterbacher 
et al. 2017 
[74] 

CeO2/Au CeO2 Au Hydrothermal CeO2 CO oxidation at 
155 °C 

No deactivation after 72 
h of reaction 

Full conversion 
attained at lower 
temperatures 
compared to non-
overcoated catalyst 

- Qi et al. 
2012 [27] 

Nb2O5/SBA-15 Nb2O5 SBA-15 Sol-gel Nb2O5:  
thickness ~2 nm 

Xylose dehydration 
to furfural at 100 C 

Improved thermal 
stability during  
regeneration  at 500 C 

High catalytic activity Higher selectivity to 
furfural 

Luterbacher 
et al. 2019 
[81] 

SiO2/Pt SiO2 Pt Sol-gel SiO2: 
thickness 17 nm 

CO oxidation at 
240–340 °C 

Overcoating alleviated 
catalyst sintering up to 
750 °C in calcination 
process 

High CO oxidation 
activity 

- Somorjai et 
al. 2009 
[73] 

Table 3. Catalyst overcoatings created by wet chemistry techniques. Table lists the used overcoating material, information of the overcoated catalyst, studied reaction, and the observed change in catalyst performance  

N.A. = Not analyzed (-) = Information missing  
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Overcoated 
catalyst 

Overcoating 
material 
 

Active metal/ 
support 

Overcoating  
method and additional 
information 

Reaction Change in catalyst performance Ref. 
Stability Activity Selectivity 

SiO2/Pd SiO2 Pd Sol-gel  SiO2 Acetylene 
hydrogenation at 
100 °C and followed 
regeneration at 
500 °C 

Improved stability 
against sintering and 
coking 

More stable catalytic 
activity compared to 
non-overcoated 
catalyst  

- Park et al. 
2010 [79] 

SiO2/Pt/TiO2 SiO2 Pt/TiO2 Sol-gel SiO2: 
thickness between 1.5 
to  5.6 nm 

Reduction of p-
nitrophenol at 25 °C 

Overcoating alleviated 
catalyst sintering up to 
700 °C in calcination 
process with 2.8 nm 
thick coating 

Thicker coatings 
(>2.8nm) resulted in 
decrease in catalytic 
activity 

- Lu et al. 
2013 [28] 

SiO2/Pt/SiO2 SiO2 Pt/SiO2 Sol-gel SiO2 n-hexane reforming 
at 240–500 °C 

Overcoating alleviated 
catalyst sintering up to 
500 °C in calcination 
process 

Higher reaction rates Increased 
selectivity  

Somorjai et 
al. 2014 
[75] 

SiO2/Ni/CeO2-
ZrO2 

SiO2 Ni/CeO2-ZrO2 Sol-gel SiO2 Steam reforming of 
toluene at 600 and 
700 °C and at p= 1 
bar 

No obvious deactivation 
after 24 h at 650, 700, or 
750 °C 

Increased catalytic 
activity 

Enhanced CO 
selectivity and 
lowered CO2 
selectivity 

Zhao et al. 
2017 [76] 

Continue for Table 3 

N.A. = Not analyzed (-) = Information missing  
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Overcoated 
catalyst 

Overcoating 
material 
 

Active metal/ 
support 

Overcoating  
method and additional 
information 

Reaction Change in catalyst performance Ref. 
Stability Activity Selectivity 

TiO2/Pt/SiO2 Pt/SiO2 TiO2 Sol-gel TiO2: 
thickness ~3 nm 

CO oxidation at 
200–350 °C 

Overcoat alleviated 
catalyst sintering up to 
600 °C in calcination 
process 

Increased catalytic 
activity 

- Park et al. 
2011 [77] 

TiO2-SiO2/Au TiO2-SiO2 Au Sol-gel Mixed TiO2 and 
SiO2 overcoating 

Reduction of p-
nitrophenol at 25 °C 

Improved thermal 
stability against particle 
migration and sintering 

Significant 
improvement in 
catalytic activity 

- Zhang et al. 
2014 [72] 

TiO2/CeO2 TiO2 CeO2 Hydrothermal TiO2: 
thickness ~6 nm 

Selective catalytic 
reduction of NOx at 
210 °C 

Improved resistance to 
SO2 and H2O poisoning 

Increased catalytic 
activity 

Enhanced N2 
selectivity 

Sheng et al. 
2017 [78] 

TiO2/Pt/SiO2 Pt/SiO2 TiO2 Sol-gel TiO2 Hydrodeoxygenation 
of 3-propylguaiacol 
200 °C and 15 bar 

N.A. Increased catalytic 
activity 

Significantly higher 
selectivity 
compared to non-
overcoated catalyst 

Luterbacher 
et al. 2018 
[80] 

Continue for Table 3 

N.A. = Not analyzed (-) = Information missing 
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4.3 Examples of overcoatings produced with wet chemistry techniques 
Successful examples of overcoatings produced by wet chemistry are presented in the 
following paragraphs. Most of the studies report improved thermal stability and 
increased catalytic activity for the overcoatings produced via sol-gel or hydrothermal 
reactions. For instance, silica overcoatings (0–5.6 nm thick), produced via Stöber 
method, showed improved stability against catalyst sintering at calcination process 
(700 °C) in air [28]. Sintering resistance was improved with increased SiO2 
overcoating thickness. Similarly, Park et al. [77] found that ultrathin TiO2 overcoating 
could prevent Pt/SiO2 catalyst sintering after calcination at 600 °C. The titania 
overcoating was prepared by sol-gel method using titanium butoxide as the sol-gel 
precursor. The same catalyst was studied for CO oxidation reaction with a result of 
lowered activation energy.  
In another example, catalytic performance of SiO2 overcoated  and non-overcoated 
Ni/CeO2-ZrO2 catalysts was studied for steam reforming of toluene at 600–700 °C 
[76]. SiO2 overcoating was produced by sol-gel method using TEOS as a silica source 
and cetyltrimethyl ammonium bromide (CTAB) as a capping agent. Porosity of the 
overcoating was attained by eliminating the capping agent at 800 °C. The overcoated 
catalysts showed improved catalytic activity even at lower temperatures compared to 
plain Ni/CeO2-ZrO2. Moreover, the CO selectivity was increased and CO2 selectivity 
was decreased with respect to overcoating thickness. 
Most of the examples summarized in Table 3 and reviewed in this section focus on 
silica and titania overcoatings. Recently, also alumina overcoatings have been 
applied successfully by sol-gel process [74]. Luterbacher and coworkers [74], 
demonstrated a stabilizing effect of Al2O3 overcoating on Cu/Al2O3 catalyzed furfural 
hydrogenation at 130 °C and 23 bar. The overcoating was produced by sol-gel method 
using aluminum sec-butoxide as alumina source. The non-overcoated catalyst 
deactivated rapidly with time on stream. Similar to the plain Cu/Al2O3, catalytic activity 
of the overcoated catalyst was decreased. However, the activity was fully recovered 
by calcination procedure, unlike for the non-overcoated catalyst. In addition, no 
leaching or metal sintering was detected with the alumina overcoated Cu catalyst. 
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5 Materials and methods 
This chapter contains the experimental work of the thesis. The purpose was to test 
the effect of water and ALD overcoating on FT catalyst performance. In the 
experiments, feed flow rate, inlet water concentration, and catalyst overcoating 
thickness were varied. The experiments were carried out at a testing laboratory, VTT.  
The following text explains the catalyst preparation, ALD overcoating, and 
characterization procedures. Also, FT reactor set-up, product analysis, and 
calculation procedure are presented.  

5.1 Catalyst preparation 
Four cobalt-based catalysts were studied in the reaction experiments. A base catalyst, 
Co-Pt-Si/γ-Al2O3, was first prepared by impregnation. Three smaller batches of this 
base catalyst, approx. 3 g each, were further overcoated with different numbers of 
ALD alumina. Catalyst preparation and overcoating procedure were both executed at 
VTT’s laboratory. The following text explains these procedures in detail. 
 
Impregnation 
A step-wise co-impregnation technique was used to prepare the base catalyst. First, 
commercial alumina support, Puralox SCCa 5/150 (Sasol), was dried at 100 °C in 
vacuum for 1 h. The support was then co-impregnated twice with an aqueous solution 
of cobalt (II) nitrate hexahydrate (Acros organics, purity 99 %) and platinum (IV) nitrate 
(Johnson Matthey, Pt content 16.51 m-%). Between each co-impregnation step, the 
catalyst under preparation was dried in an evaporator and calcined at 300 °C for 4 h. 
Next, the catalyst was impregnated with a solution of tetraethyl orthosilicate and 
ethanol, followed by drying in an evaporator and calcination at 300 °C for 4 h. The 
base catalyst had a nominal loading of 21.4 wt-% of Co, 0.2 wt-% of Pt, and 1.6 wt-% 
of Si and will be further called as catalyst A. Catalyst recipe is shown in Appendix 1. 
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ALD overcoating 
Three batches of catalyst A were overcoated with 30, 35, and 40 cycles of alumina 
ALD using trimethylaluminum (TMA, Strem Chemicals, purity >98%) and deionized 
water as precursors. N2 (purity 99.999 %) was used as a carrier gas. The overcoating 
procedure was carried out in a Picosun SUNALETM R-200 reactor, equipped with 
POCATM powder coating cartridge to help obtain uniform catalyst overcoating. The 
reaction temperature (i.e. substrate temperature) was kept at 150 °C and the process 
pressure was ca. 8 mbar. The carrier gas flow rate was 50 ml/min. A sequential 
micropulsing process for TMA-purge-water-purge was used. One cycle contained the 
following four steps, 24 x (0.2 s TMA/0.5 s purge) / 700 s purge / 24 x (0.2 s H2O/0.5 
s purge) / 700 s purge. All times are in seconds. 
The obtained film thickness was measured from four silicon wafers, which were 
placed inside the reactor chamber together with the catalyst. However, it should be 
mentioned that these wafers only provide a reference film growth on a planar surface, 
which can differ from the ALD growth on porous catalyst powder. Overcoating 
thicknesses and masses are found in Appendix 2. From now on, the ALD overcoated 
catalysts will be labeled as A+30cAlu, A+35cAlu, A+40cAlu.  

5.2 Catalyst characterization 
The catalysts were characterized by chemisorption and physisorption methods. All 
catalysts were subjected to thermal annealing before any characterization was 
conducted, in order to create porous catalyst overcoating and recreate accessibility 
to active sites. 
 
H2 chemisorption 
H2 chemisorption was used to determine the dispersion of metal atoms, metal surface 
area, and mean particle diameter. MicroActive software was used in the calculations. 
Metal surface area was calculated by assuming H2 gas to adsorb dissociatively onto 
active sites, with adsorption stoichiometry of two. In addition, 55 % of the Co and 100 
% of the Pt was assumed to be in metallic form. 
The H2 chemisorption experiments were carried out in a Micromeritics 3Flex 3500 
instrument. A small amount of quartz wool was placed inside a U-shape sample tube. 
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Catalyst sample, approximately 200 mg, was poured in the tube, and the tube was 
mounted onto the instrument. The catalyst sample was first evacuated at 40 °C for 1 
hour (10-4 mbar), followed by in-situ annealing (temperature program: from 40 °C to 
420 °C with a 4 °C/min ramp) in N2 flow of 50 ml/min. Next, the sample was reduced 
with H2 flow of 50 ml/min at 400 °C for 12 h (temperature program: from 150 °C to 400 
°C with a 5 °C/min ramp). Subsequently, the samples were cooled down to 35 °C in 
a vacuum, and H2 chemisorption measurements were initiated. 
 
N2 physisorption 
The N2 physisorption experiments were carried out with a Micromeritics 3Flex 3500 
instrument. Catalysts sample, around 300 mg, was placed inside an empty sample 
tube and annealed in 50 ml/min N2 flow (temperature program: from 40 °C to 420 °C 
with a 4 °C/min ramp). After thermal annealing, the sample was moved to VacPrep 
degassing station and kept at 150 °C for at least 12 h under a vacuum (10-2 mbar). 
After degassing, the tube was mounted to the measuring instrument. A cryogenic 
storage dewar filled with liquid nitrogen (77 K) was then placed below the sample 
tube, and the analysis was started. 
MicroActive software was applied to calculate the results from the measured 
isotherms. Barrett-Joyner-Halenda (BJH) method [82] was used to calculate the pore 
volume. Surface area and average pore diameter were calculated with Brunauer-
Emmett-Teller (BET) method [83]. The adsorption branch was used for the 
calculations. 

5.3 Fischer-Tropsch synthesis 

5.3.1 Reactor setup 
The reaction experiments were carried out in an automated laboratory-scale reactor 
system manufactured by PID Micromeritics. The system consisted of two parallel 
reactors, which enabled concurrent testing of two catalysts. Schematic for one of the 
identical reactors is presented in Figure 11. The following text explains the system 
configuration using one reactor as an example. 
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Figure 11. Schematic diagram of the experimental set-up for one of the two parallel reactors. 
 
Reagent gases (CO and H2) and N2 were fed to the system with HiTech Bronkhorst 
mass flow controllers. N2 was used as an internal standard. Table 4 shows the reagent 
and inert gas purities. Deionized water was fed with a GILSON 307 5SC piston pump 
through an evaporator and was mixed with syngas just before the reactor inlet. Prior 
to experiments, deionized water had been degassed in an ultrasonic bath for a 
minimum 4 h. A six-port valve was used to direct the syngas either to the reactor or 
to a bypass-line, which was used to analyze the feed composition.  
Table 4. Reagent gases used in the experiments. All the gases were manufactured by AGA 

Gas H2 CO N2 
Purity (vol-%) 99.999 99.97 99.999 

 
Hastelloy C fixed-bed reactor with inner diameter of 9.1 mm and a height of 300 mm 
was used in the experiments. An electrical furnace was used as a heating source, and 
a fixed thermocouple was inserted into the catalyst bed for temperature 
measurements. A detachable wax trap (160 °C, 20 bar) was used to separate liquid 
and gaseous products from long-chain hydrocarbons. The wax trap was connected to 
the reactor outlet and was covered with an aluminum jacket to ensure isothermal 
conditions. The trap temperature was controlled with N2 cooling. After each 
experimental run, the FT waxes were collected for analysis. The reactor and wax trap 
were located inside a temperature-controlled hot box (180 °C). Figure 12 contains a 
picture of the reactors, hot box, and wax traps. 
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The remaining gaseous and liquid products were separated with a liquid-liquid-gas 
(LLG) trap. LLG was located outside the hot box and was cooled down to 10 °C with 
a Peltier-element. Liquid samples were collected manually (~every 24 h) and 
analyzed offline.  
Online gas chromatography (GC) was used to analyze effluent gases during the 
experiments. The reactor system had only one online GC, and therefore, a gas 
sample was taken once an hour from each reactor. A four-port valve was used to 
direct the gases from either to the GC or a vent. 
 

 
Figure 12. a) Picture of the two parallel reactors inside electric furnaces. b) Jacketed wax traps were located at the reactor outlet. c) Catalyst bed temperatures were measured with thermocouples assembled on top of the reactor. 
 

5.3.2 Catalyst packing 
A catalyst sample, approximately 0.50 g, was diluted with inert silicon carbide (3.0 g, 
particle size of 0.210 μm). This was done to minimize temperature gradient along the 

 



  

35  

catalyst bed. The reactor had a porous metal sinter (porosity 20 μm) on which the 
catalyst sample was placed. The metal sinter had been covered with a small amount 
of quartz wool to keep the catalyst bed in place. Schematics of the catalyst packing 
and a picture of catalyst A+40cAlu can be seen in Figure 13.  
 

 
Figure 13. Left-hand side: schematics of the catalyst packing. Drawn from a cross-sectional view. Mesh represents the metal sinter, white box is the quartz wool, and box with dotted texture represents the catalyst sample. Right-hand side: photograph of the catalyst A+40 cycles of alumina ALD. 
 

5.3.3 Execution of the experiments 
After packing the catalyst and assembling the reactor inside the hot box, the 
apparatus was leak tested with nitrogen up to 20 bar. When the reaction system was 
confirmed safe to operate, catalyst pretreatment was started. Pretreatment consisted 
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of thermal annealing and catalyst reduction in that order. All the studied catalysts, also 
catalyst A, went through similar treatments.  
Thermal annealing of a catalyst was performed with a constant flow of N2 at ambient 
pressure. The reactor temperature was increased from room temperature to 420 °C. 
Once the target temperature was reached, the reactor was subsequently cooled down 
to 150 °C, followed by catalyst reduction. The reactor temperature was increased to 
400 °C in H2 flow, and these conditions were held for 16 h. Table 5 contains thermal 
annealing and reduction conditions in more detail. 
Table 5. Catalyst pretreatment conditions 

 Gas Q p Treactor, 
start 

Heating 
rate 

Treactor, 
end Hold 

time 
  [ml/min] [bar] [°C] [°C/min] [°C] [h] 
TA N2 40 1 25 4 420 0 
Reduction H2 100 1 150 5 400 16 

 
After pretreatments, the catalyst was cooled down to 190 °C in H2 flow. Subsequently, 
the system was pressurized to 20 bar with a flow of H2 (66 ml/min) and N2 (11 ml/min). 
When the desired pressure was reached, CO was introduced into the reactor. CO 
concentration was increased gradually with a flow rate ramp of 1–2 ml/min/min to 
avoid temperature runaway. After the desired syngas flow (110 ml/min) was attained, 
the catalyst temperature was increased to a reaction temperature of 200 °C with a 
ramp 1 °C/min. These initial conditions were kept for the next 48 h to reach pseudo-
steady-state.  
All the experiments followed a series of steps shown below. Table 6 contains a 
summary of the conditions used in each step. 

A. Initial conditions: syngas flow rate of 110 ml/min to reach steady-state. 
B. Reduce the syngas flow rate to obtain CO conversion of 15 %.  
C. Keep the same syngas flow rate as in step B and increase inlet water 

concentration to 20 mol-%.  
D. Keep the same syngas flow rate as in step B and increase inlet water 

concentration to 30 mol-%.  
E. Stop the water supply and return to similar conditions as in step B.  
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After each experimental run, the catalyst was flushed in H2 flow (100 ml/min) for 2 
hours. During the catalyst flushing, system pressure was maintained at 20 bar, and 
the reactor temperature was increased to 250 °C. Subsequently, the reactor was 
cooled down to room temperature in flowing N2. Next, the system pressure was 
carefully released, the reactor was disassembled, and wax samples were collected 
for analysis. A picture of wax and liquid samples is shown in Appendix 3. 
Table 6. Summary of the reaction conditions used in each step. In step B, the syngas flow rates were adjusted to reach the CO conversion of 15 %. Volumetric flow rates were not identical for each studied catalyst 

Step Tcat ptot Component molar 
fractions in feed 

Q Duration 
 

 [°C] [bar] H2 CO N2 H2O [ml/min] [h] 
A 200 20 0.60 0.30 0.10 0 110 48 
B 200 20 0.60 0.30 0.10 0 Decreased from 

step A to reach 
XCO of 15 % 

24 

C 200 20 0.48 0.24 0.08 0.20 Same as in step 
B + water 

24 
D 200 20 0.42 0.21 0.07 0.30 Same as in step 

B + water 
24 

E 200 20 0.60 0.30 0.10 0 Same as in step 
B 

24 

 

5.4 Analysis of Fischer-Tropsch products 
The FT product fractions were analyzed by gas chromatography. As mentioned, liquid 
products and waxes were analyzed offline, while the gaseous hydrocarbons and 
inorganic compounds were analyzed online.  
Gaseous products 
Effluent gases from the LLG were analyzed using a Shimadzu Nexis GC-2030 gas 
chromatograph equipped with a flame ionization detector (FID) and a thermal 
conductivity detector (TCD). TCD was used to analyze inorganic compounds (N2, H2, 
CO, and CO2) and CH4, which were separated with a pre-column (Porapak-Q, length: 
1.8 m, id: 1 mm) and an analytical column (Carboxen-1000, length: 2.5 m, id: 1 mm). 
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Pre-column was used to backflush heavier hydrocarbons before they entered to the 
analytical column. 
Light hydrocarbons, C1-C14, were analyzed with a DB-1 capillary column (length: 60 
m, id: 0.25 mm, film thickness 1 μm) and FID-detector. He was used as a carrier gas 
for FID-side and Ar for TCD-side. Gas chromatograph specifications and example 
chromatograms of the gaseous FT products can be found in Appendix 4. 
Calibration gas (AGA) was used to ensure the proper function and accuracy of GC, 
and to calculate and monitor the ratio of CH4 peak areas between the two detectors. 
The calibration gas composition is presented in Table 7.  
Table 7. Calibration gas used in the experimental work 

Gas H2 N2 CO CH4 CO2 C2H2 C2H4 C2H6 
(vol-%) 32.00 20.95 25.00 8.04 10.00 1.00 2.00 1.01 

 

Liquid products 
Around 200 μL of the liquid product was dissolved in 1.3 mL of cyclohexane (Merck, 
purity ≥ 99 %). A volume of 1 μL of this solution was injected into a gas chromatograph 
(Shimadzu GC-2014) equipped with a FID and SH-RxiTM-5HT capillary column 
(length: 30 m, id: 0.32 mm, film thickness: 0.10 μm). He was used as a carrier gas. 
Gas chromatograph specifications and an example chromatogram of the liquid 
products can be found in Appendix 5. 
A standard component, n-pentadecane (Merck, purity ≥ 99%) was analyzed with each 
analytical run to verify the accuracy and proper function of the GC, and to minimize 
the effect of peak retention time shift to the results. 
 
Waxes 
The wax sample was prepared as follows. Around 10 mg of the solid sample was 
dissolved in 1.5 mL of carbon disulfide (CS2, Alfa Aesar, purity > 99.9 %). The solution 
was kept in a vibrating mill (Shimadzu) for ca. 10 min and heated at 50 °C for a few 
minutes to ensure that the whole sample was dissolved. A volume of 1.5 μL of this 
solution was injected into a Shimadzu Nexis GC-2030 gas chromatograph equipped 
with a flame ionization detector (FID) and CP-SimDist UltiMetal separation column 
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(length: 10 m + 1 m retention gap, id: 0.53 mm, film thickness: 0.17 μm). He was used 
as a carrier gas. Gas chromatograph specifications and an example chromatogram 
of the wax sample can be found in Appendix 6. 

5.5 Calculation methods 
The GC analysis results were combined for quantitative calculations. The calculations 
were based on chromatographic results of gaseous and liquid products. An example 
of the excel-template used in calculations is presented in Appendix 7. The calculation 
procedure is explained below. Ideal gas law was applied in the calculations. 
 
Product flow rates, TCD 
The calculation of the product flows was based on N2 flow rate. N2 was used as an 
internal standard and was assumed constant at both inlet and outlet streams. The 
molar flow of N2 (ṅN2

) was calculated with Equation 13, 
ṅN2

(
mol

h
) =

xN2
·Qin,tot 

Vm
      (13) 

, where  
 xN2

 is the molar fraction of N2 in feed, 
 Qin,tot is the total volumetric flow rate of feed (dm3

h
), and 

Vm is the molar volume of an ideal gas at STP, 0 °C and 1 bar, 
(22.7

dm3

mol
). 

 
The molar flow of component i at TCD side (ṅ i

TCD) was calculated with Equation 14, 
ṅ i

TCD (
mol

h
) =

Ai
TCD

· fN2

TCD
 

fi
TCD

 · AN2

TCD
 
·ṅN2

     (14) 
, where 

Ai
TCD is the peak area of component (TCD), 
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fN2

TCD is the response factor of N2 (TCD) and, 
 fi

TCD is the response factor of component i (TCD). 
  
Response factor of N2 (fN2

TCD
) was 1. The calculated molar flows could be then 

converted to mass flows with Equation 15,  
ṁi

TCD (
g

h
) = ṅ i

TCD
·Mi     (15) 

, where 
 Mi  is the molecular weight of the component i ( g

mol
). 

 
Product flow rates, FID 
In order to compare and combine TCD and FID results, a calibration gas was used to 
determine the multiplication factor between detector responses: 
(ATCD/AFID)cal.  = 

ACH4,cal.
FID

ACH4,cal.
TCD       (16) 

, where  
 ACH4,cal.

FID  is the peak area of CH4 in calibration gas (FID) and 
 ACH4,cal.

TCD  is the peak area of CH4 in calibration gas (TCD). 
 
The flow rates of light hydrocarbons (C1–C4, FID) were calculated using CH4 mass 
flow rate determined from the TCD: 
ṁC1 to C4

FID (
g

h
) =

AC1 to C4

FID
 ·  fCH4

FID

f C1 to C4

 FID  · A CH4

 TCD
 · (ATCD/AFID)cal.   

·ṁCH4

TCD   (17) 
, where 
 AC1 to C4

FID  is the peak area of a hydrocarbon in fraction C1 to C4 and 
 f C1 to C4

 FID  is the response factor of a hydrocarbon in fraction C1 to C4. 
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The flow rates in C5+ fraction were calculated using both gas- and oil-phase analysis 
results. The C5+ fraction was assumed to follow ASF-distribution (Eq. 11) and the GC 
results from oil analysis were used to calculate αC12-C16

. In addition, wax analysis 
results were used to calculate αC30-C40

 to be verify the accuracy of the calculation 
process and to compare the α-values of the two phases. The flow rate for each 
hydrocarbon in C5+ fraction was calculated with Equation 18, 
ṁi (

g

h
) = αC12-C16

· 
ṁi-1  CNi

CNi-1
     (18)  

, where 
 αC12-C16  is the alpha-value from oil analysis, 

CNi is the carbon number of the hydrocarbon to be calculated, 
 CNi-1 is the previous carbon number, and  

ṁi-1 is the mass flow rate of previous hydrocarbon (g

h
). 

 
CO conversion and C5+ hydrocarbon production rate 
The CO conversion was calculated using integrated peak areas of CO and N2 from 
TCD with Equation 19.  
XCO (%)= (1-

ACO,out
TCD

 

 AN2,out
TCD · (ACO AN2

⁄ )
in

TCD
) ·100 %   (19) 

 
The C5+ hydrocarbon production rate, rC5+

, was calculated with the following equation,  
rC5+

(
gHC 

gcat · h
)  =

ṁC5+

mcat
     (20) 

, where  
 ṁC5+

 is the mass flow rate of C5+ hydrocarbons (g

h
) and 

mcat  is the catalyst mass (g). 
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Selectivity 
The selectivity of CH4 and hydrocarbon fraction, C2 to C4, was calculated by the 
following equation, 
SCH4 or C2-C4

 (%) =
ṁi

mtoṫ
 ·100 %    (21) 

, where 
 ṁi is the mass flow rate of CH4 or C2–C4 fraction (g

h
) and 

 ṁtot is the total mass flow rate of the hydrocarbons (g

h
). 

 
The selectivity of C5+ fraction was calculated with Equation 22. 
SC5+

 (%) = 100 % - (S
CH4

+ SC2-C4
)    (22) 

 
Olefin-to-paraffin ratio 
The olefin to paraffin ratio (O/P) was calculated for C4 to C6 hydrocarbons using 
equation 23, 
O P⁄ =

1

3

∑ ACi, o

FID6
i=4

 ∑ ACi, p

FID6
i=4

     (23) 
, where 

ACi, o

FID  is the peak area of olefin i (i = the carbon number) in the 
gas-phase (FID) and  

ACi, p

FID  is the peak area of paraffin i (i = the carbon number) in the 
gas-phase (FID).  
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6 Results and discussion 
This chapter contains results from the catalyst characterization and the FT reaction 
experiments. In the reaction experiments, four catalysts with different numbers of 
alumina ALD cycles were studied. The effect of water was tested by a stepwise 
increase in the inlet water concentration. Moreover, an experiment without external 
water addition was performed for two catalysts. A list of all experiments is presented 
in Appendix 8, and the compiled result are presented in Appendix 9. 

6.1 Catalyst characterization 
Physisorption results are shown in Table 8. The results for the catalyst support are 
reported for comparison. The physisorption measurements gave surface areas 
between 50–98 m2/g of catalyst, pore volumes of 0.11–0.23 cm3/g, and average pore 
diameters of 7.9–9.8 nm. 
Table 8. N2 physisorption (at 77 K) results of the studied catalysts and catalyst support 

Catalyst Average surface 
area a 

Average pore 
diameter a 

Pore volume b 
 

 [m2/g] [nm] [cm3/g] 
support (Puralox SCCa 
5/150) 

140 13.2 0.46 
A 98 9.8 0.23 
A+30cAlu  50 9.0 0.12 
A+35cAlu 65 8.0 0.14 
A+40cAlu 60 7.9 0.11 

a Determined from BET isotherm. b Determined from BJH adsorption branch. 

The pore size distributions (BJH adsorption) are shown in Figure 14. Based on the 
figure, the pore size distributions are rather similar between catalysts and catalyst 
support, while the pore volumes were decreased upon ALD overcoating.  
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Figure 14. BJH adsorption pore distributions. 
 
Table 9 summarizes the chemisorption results for each catalyst sample. 
Chemisorption measurements gave H2 uptake between 67.3–72.8 μmol/gcat, metal 
surface area 5.2–5.6 m2/gcat.sample, metal surface area of 44.5–47.7 m2/gCo+Pt, 
dispersion between 9.0–9.6 %, and average particle diameter (sphere) between 14–

15 nm. 
Table 9. H2 chemisorption (35 °C) results of the studied catalysts 

Catalyst H2 uptake irreversible Metal surface area, sample Metal surface area, metal  
Dispersion Average particle diameter, sphere  [μmol/gcat] [m2/gcat. sample] [m2/gCo+Pt] [%] [nm] 

A 67.3 5.2 44.5 9.0 15 
A+30cAlu  72.8 5.6 47.7 9.6 14 
A+35cAlu 71.6 5.5 46.8 9.4 14 
A+40cAlu 66.6 5.3 45.1 9.1 15 
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6.2 Fischer-Tropsch synthesis 
This section introduces the most important results gathered from the reaction 
experiments.  

6.2.1 Effect of water on Fischer-Tropsch activity 
The effect of water on catalytic activity was studied by co-feeding different amounts 
of water to the reactor. The reaction conditions were p= 20 bar, T= 200 °C, H2/CO 
molar ratio= 2.0, and mcat= 0.50 g. The CO conversion was calculated from the gas-
phase analysis results using Equation 19. 
Figure 15 shows the CO conversion in different experimental steps for each catalyst. 
After the initial activity was settled to pseudo-steady-state, at 48 h on stream, the CO 
conversion was adjusted to ~15 % (step B). During period B, the conversion remained 
unchanged with all other catalysts, except with A+40cAlu. At TOS= 50 h, activity of 
catalyst A+40cAlu started declining. Note that the small fluctuations at the beginning 
of step B are caused by changes in the syngas flow rate to meet the target conversion, 
and not by the catalyst behavior. 
Steps C and D illustrate the periods with increased water concentrations (Figure 15). 
The first water addition of 20 mol-% (step C) was found to be less severe for catalyst 
A+40cAlu, and only 2 % of the activity was lost in that experimental step. At the same 
water concentration, other catalysts lost approximately 19–27 % of their activity. 
Irreversible deactivation was noticed with all catalysts after the second water addition 
of 30 mol-% (step D), with around 50 % loss of catalytic activity.  
The effect of water on the catalytic activity was found to be in accordance with 
literature [7, 15]. This deactivating effect of water is often related to support pore 
characteristics, and according to previous findings, supported cobalt catalysts with 
smaller pore sizes are found to be more susceptible to water-induced deactivation 
than catalysts with wider pores [7, 15]. Moreover, deactivation is reported to be more 
severe with promoted cobalt catalysts [11]. 
The main causes of the loss in catalytic activity can result from cobalt particle sintering 
induced by water [9, 84]. In addition, there is also evidence of reactions between 
cobalt and catalyst support, in which aluminate-like species are formed [20]. In future, 
characterization of the catalyst, both before reaction and in their spent form, by using 
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for example x-ray diffraction (XRD) could provide information about the structural 
changes of the catalysts.  

  
Figure 15. Effect of water on CO conversion in different experimental steps (A-E). Reaction conditions: T= 200 °C and p= 20 bar, H2/CO= 2.0, and mcat=0.50 g. The dashed vertical line represents the change between steps. 
 
The liquid fraction analysis was used to calculate the ASF α-value, which together 
with gas analysis results, was used to estimate the C5+ hydrocarbon production rate 
(rC5+). Since the oil sample from step A was not collected due to the length of the 
experimental run, the analysis results of step B liquid samples were used to represent 
both experimental conditions (A and B). The α-value was calculated also from wax 
analysis result for comparison. However, it was not used to calculate product 
production rates or selectivities, as being a composite sample, it would not have 
represented the composition of different experimental steps well. Table 10 presents 
the calculated α-values and C5+ hydrocarbons production rates at the end of each 
experimental step.  
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Table 10. CO conversions, α-values, and C5+ hydrocarbon production rates at different experimental steps. Reaction conditions: T= 200 °C, p= 20 bar, H2/CO= 2.0, and mcat=0.50 g 
Catalyst Step Q (syngas + H2O) XCO  αOIL 

(C12-C16) αWAX 
(C30-C40) rC5+  

  [ml/min] [%] [-] [-] [g/gcat h] A A 110 7.9 0.877 0.901 0.14  
B 58 14.9 0.877 0.901 0.13 
C 73 (58 + 15) 12.3 0.871 0.901 0.09 
D 83 (58 + 25) 6.2 0.875 0.901 0.05 
E 58 6.4 0.861 0.901 0.06 

A+30cAlu A 110 7.4 0.896 0.900 0.28 
B 50 15.6 0.896 0.900 0.25 
C 63 (50 + 13) 11.5 0.887 0.900 0.12 
D 71 (50 + 21) 5.5 0.891 0.900 0.07 
E 50 6.8 0.878 0.900 0.08 

A+35cAlu A 110 7.0 0.867 0.894 0.14  
B 50 14.9 0.879  0.894 0.15  
C 63 (50 + 13) 11.2 0.880 0.894 0.09 
D 71 (50 + 21) 7.2 0.902 0.894 0.08 
E 50 7.2 0.902 0.894 0.10 

A+40cAlu A 110 8.9 0.872 0.888 0.19  
B 58 14.5 0.872 0.888 0.17  
C 73 (58 + 15) 14.2 0.853 0.888 0.10 
D 83 (58 + 25) 7.9 0.886 0.888 0.07 
E 58 8.1 0.875 0.888 0.09 

 
As seen from Table 10, increasing the amount of co-fed water decreases the 
hydrocarbon formation rates for all catalysts, which is in accordance with the 
calculated conversions. The liquid phase α-values are rather constant for all catalysts 
in steps A and B, while the value decreases in step C with inlet water concentration 
of 20 mol-%. Second water addition in step D increases the oil α-value.  
Separation of hydrocarbon species depends on their partial pressures and the 
temperature of the wax trap and LLG separator. Thus, hydrocarbons in a range of 
C10-C23 were found in all three phases. This explains the small differences between 
oil and wax α-values. 
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6.2.2 Effect of water on methane and C5+ selectivity 
The CH4 and C5+ selectivities in each experimental step are presented in Figure 16 
and 17. Since FT product selectivity is known to be dependent on syngas flow rate 
and therefore catalytic activity [43], the calculated conversions were added to the 
figures. 

 
Figure 16. CH4 selectivity in different experimental steps. Step A: dry syngas feed 110 ml/min, B: adjusted XCO~ 15 %, C: 20 mol-% of water at the feed stream, D: 30 mol-% of water at the feed stream, E: syngas flow rate same as in step B with no added water. CO conversion (%) is marked with labels. Reaction conditions: T= 200 °C, p= 20 bar, H2/CO= 2.0, and mcat=0.50 g. 
 
As seen from Figure 16, catalyst with 40 ALD cycles seems to have an inherently 
higher selectivity for methane compared to the other catalysts (step A). Increased CO 
conversion level in step B has no significant impact on methane selectivity for none 
of the studied catalysts. The first water addition (step C) was found to decrease 
methane formation for all the catalysts, and the second water addition (step D) 
decreases the CH4 selectivity even further. After the water feed was stopped in step 
E, the methane formation increases again, indicating about the reversible effect of 
water on product selectivity. 
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Figure 17. C5+ hydrocarbon selectivity in different experimental steps. Step A: dry syngas feed 110 ml/min, B: adjusted XCO~ 15 %, C: 20 mol-% of water at the feed stream, D: 30 mol-% of water at the feed stream, E: syngas flow rate same as in step B with no added water. CO conversion (%) is marked with labels. Reaction conditions: T= 200 °C, p= 20 bar, H2/CO= 2.0, and mcat= 0.50 g.  
 
While water decreases methane selectivity, it also increases the formation of long-
chain hydrocarbons as shown in Figure 17. For catalyst A+40cAlu, there is an 
increase in long-chain hydrocarbon selectivity at steps C and D, 27 and 46 %, 
respectively. The trend is similar for other catalysts, although the impact of water on 
C5+ formation rate is less steep. Enhanced C5+ selectivity has been attributed to 
increased surface concentration of CH2 monomers at higher water partial pressures, 
leading to hydrocarbon chain growth [10]. 

6.2.3 Effect of water on olefin-to-paraffin ratio 
The olefin-to-paraffin ratio in each experimental step was calculated with Equation 23 
using online gas analysis results. The results are shown in Figure 18. 
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Figure 18. Olefin-to-paraffin ratio in different experimental steps. Step A: dry syngas feed 110 ml/min, B: adjusted XCO~ 15 %, C: 20 mol-% of water at the feed stream, D: 30 mol-% of water at the feed stream, E: syngas flow rate same as in step B with no added water. CO conversion (%) is marked with labels. Reaction conditions: T= 200 °C, p= 20 bar, H2/CO= 2.0, and mcat=0.50 g. 
 
From Figure 18, it can be seen that increased CO conversion (step B) decreases the 
olefin-to-paraffin ratio for all catalysts. Co-feeding of water, on the other hand, 
increases the product olefinicity, and the effect is more significant at higher water 
concentrations (30 mol-% in step D). Higher O/P ratio at water added steps is most 
likely due to decreased hydrogenation of olefins, presumably by competitive 
adsorption of water molecules to the active metal surface [10, 43]. This hypothesis is 
supported by the observed decrease in O/P ratio in step E once the water supply was 
turned off. 

6.2.4 Experiment without water addition 
Since cobalt-based FT catalysts deactivate with time on stream, regardless of 
whether water is introduced to the reactor or not, one experiment without water 
addition was done. Catalyst A and A+40cAlu were chosen for the experiment. The 
reaction conditions were p= 20 bar, T= 200 °C, mcat= 0.50 g, syngas flow rate= 110 
ml/min, and H2/CO molar ratio= 2.0. After maintaining these initial conditions for 48 h, 
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the CO conversion was increased to 15 %, as in the previous experiments. These 
conditions were kept for 96 h to obtain the total amount of 144 h on stream.  
The activity results of the two catalysts are presented in Figure 19. The dashed 
vertical line denotes the increase in the CO conversion level. During the first 48 h on 
stream, catalyst A+40cAlu showed higher and more stable activity than the non-ALD-
overcoated catalyst. These findings were in accordance with the previous 
experiments of the thesis. After adjusting the syngas flow rate, catalyst A started to 
deactivate slowly, while catalyst A+40cAlu maintained its activity well throughout the 
experiment. The loss of catalytic activity was 2 % for catalyst A+40cAlu and 8 % for 
catalyst A after 144 h on stream. The loss of catalytic activity was calculated by 
comparing activities at the beginning and end of step B. 

 
Figure 19. CO conversion without water addition. Dashed vertical line represents the change from step A to step B. Step A: dry syngas feed 110 ml/min, B: adjusted XCO~ 15 %. Reaction conditions: T= 200 °C and p= 20 bar, H2/CO= 2.0, and mcat=0.50 g. 
 
Tables 11 and 12 contain the CH4 and C5+ selectivities, olefin-to-paraffin ratios, ASF 
α-values, and C5+ hydrocarbon production rates calculated from oil- and gas-phase 
samples, which were taken with 24 h intervals. In accordance with previous 
observations, catalyst A has a higher C5+ selectivity compared to the catalyst with 40 
ALD cycles. This is also seen as a higher α-value for catalyst A. Interestingly, 
overcoating seems to enhance the secondary hydrogenation of olefins, which is seen 
as a remarkably lower O/P ratio for catalyst A+40cAlu (Table 11). After 120 h on 
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stream, the product selectivites were changed with both catalysts, which was seen as 
increased CH4 and decreased C5+ selectivity.  
Table 11. CO conversions, product selectivity, and α-values of catalyst A+40cy as a function of time on stream. Reaction conditions: T= 200 °C, p= 20 bar, H2/CO molar ratio= 2.0, and mcat=0.50 g  

TOS XCO SC5+ SCH4 O/P αOIL 
(C12-C16) αWAX 

(C30-C40) rC5+ 
[h] [%] [%] [%] [-] [-] [-] [g/gcat h] 
48 8.8 61.8 30.6 0.27 0.878 0.894   0.21 
72 15.5 62.9 29.3 0.21 0.876 0.894 0.21 
96 15.4 61.6 30.2 0.22 0.869 0.894 0.19 

120 15.2 56.6 33.9 0.22 0.848 0.894 0.15 
144 15.1 56.6 33.9 0.23 0.848 0.894 0.15 

 
Table 12. CO conversions, product selectivity, and α-values of catalyst A as a function of time on stream. Reaction conditions: T= 200 °C, p= 20 bar, H2/CO molar ratio= 2.0, and mcat=0.50 g  

TOS XCO SC5+ SCH4 O/P αOIL 
(C12-C16) αWAX 

(C30-C40) rC5+ 
[h] [%] [%] [%] [-] [-] [-] [g/gcat h] 
48 6.3 71.1 17.5 1.6 0.890 0.897 0.11 
72 15.3 69.1 18.6 1.5 0.880 0.897 0.10 
96 14.4 69.4 18.3 1.4 0.881 0.897 0.10 

120 14.5 66.4 20.0 1.4 0.867 0.897 0.09 
144 14.3 61.9 22.7 1.4 0.847 0.897 0.07 

 

6.2.5 Effect of ALD overcoating  
A few observations about the effects of ALD overcoating on catalyst activity and 
stability were made during the experimental work. The following section summarizes 
the most important results. 
Figure 20 presents the calculated CO conversions and C5+ hydrocarbon production 
rates as a function of overcoating thickness. Values represent the reaction conditions 
in step A: syngas flow rate of 110 ml/min, temperature of 200 °C, pressure of 20 bar, 
and H2/CO ratio of 2.0. As seen from the figure, catalyst with 40 cycles of ALD showed 
a slightly increased catalytic activity compared to other catalysts. Less than 40 cycles 
of alumina did not show any improvement on catalytic activity. On the contrary, 35 
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cycles of alumina seemed to slightly decrease the catalytic activity in comparison to 
the non-ALD-overcoated catalyst. 

 
Figure 20. CO conversion and C5+ hydrocarbon production rate as function of number of ALD overcoating cycles. Reaction conditions: p= 20 bar, T= 200 °C, mcat= 0.50 g, syngas flow rate= 110 ml/min, and H2/CO molar ratio= 2.0. 
 
The calculated C5+ hydrocarbon production rates were consistent with catalytic 
activities, except for catalyst A+30cAlu, which has a surprisingly high C5+ production 
rate (Figure 20). This rather contradictory result may be due to unsuccessful liquid 
sample analysis, which could then affect to the calculations of α-value and further to 
C5+ production rate. The calculated ASF α-values, and also the product selectivities 
are presented in Figure 21 as a function of overcoating thickness. Values represent 
the reaction conditions in step A. 
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Figure 21. FT product selectivities and oil α-values as function of cycles of ALD overcoating. Reaction conditions: p= 20 bar, T= 200 °C, mcat= 0.50 g, syngas flow rate= 110 ml/min, and H2/CO ratio= 2.0. 
 
As seen from Figure 21, thicker catalyst overcoating, 40 cycles of ALD, seems to 
promote the production of light hydrocarbons, especially methane, while decreasing 
the formation of C5+ hydrocarbons. This could be due to a stabilizing effect of ALD 
overcoating towards cobalt sintering. Sintering causes a formation of larger catalyst 
particles, a factor that is related to enhanced C5+ selectivity with FT catalysts [14, 85]. 
Since ALD overcoatings are found to inhibit also this mechanism [21, 61], it is possible 
that cobalt particles retain their initial size when thicker ALD overcoating is applied, 
resulting in decreased SC5+ and increased methane selectivity. 
Overcoating seemed to affect also to product olefinicity as shown in Figure 22. Values 
represent the reaction conditions in step A. Catalysts A+30cAlu and A+40cAlu had 73 
% lower olefin-to-paraffin ratios when compared to catalyst without overcoating. 
Interestingly, catalyst with 35 of ALD is showing only a slight decrease in the product 
O/P ratio. The lower product olefinicity could result from enhanced environment for 
olefin hydrogenation with overcoated catalysts. 
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Figure 22. Olefin-to-paraffin ratio as function of cycles of ALD overcoating. Reaction conditions: p= 20 bar, T= 200 °C, mcat= 0.50 g, syngas flow rate= 110 ml/min, and H2/CO molar ratio= 2.0. 
 
Figure 23 presents the activity results from the experiments with and without water 
addition. In the experiment with no added water, the non-ALD-overcoated catalyst 
deactivated slowly, while catalyst with 40 cycles of ALD kept more stable activity 
during the 144 h on stream. The improved long-term stability of overcoated catalyst 
could be due to hindered carbon formation during FTS [86]. 
In experiments with water additions, the ALD overcoated catalyst seemed to 
withstand the external water additions up to 20 mol-% (Figure 23). Catalyst A, on the 
other hand, deactivated rapidly at the same conditions. As mentioned, there is no 
single explanation for the water-induced deactivation of cobalt catalysts during FTS. 
Deactivation could result from formation of aluminates and metal sintering upon water 
additions. Leaching of active metals at water addition steps could also explain the loss 
of catalytic activity with non-ALD-overcoated catalyst. The protective nature of 
overcoating against these mechanisms could partially explain the enhanced stability 
of the overcoated catalyst at lower water concentrations. 
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To conclude, sufficiently thick alumina ALD overcoating (40 ALD layers) could hinder 
deactivation of cobalt when moderate amounts of water, up to 20 mol-%, were added 
to the syngas feed (Figure 23). In addition, ALD overcoating could enhance cobalt 
catalyst’s long-term stability in reaction conditions without external water. The results 
showed that ALD overcoating changes also the product selectivity, which was seen 
as a significantly lower olefin-to-paraffin ratio for catalyst with 40 cycles of ALD (Figure 
22). The overcoating seems also to promote production of non-desired light 
hydrocarbons and suppresses C5+ selectivity (Figure 21).  
In future, it would be interesting to study the overcoating structure and the causes of 
deactivation by appropriate characterization techniques to better understand the 
differences in catalytic behavior between ALD overcoated and non-ALD-overcoated 
catalysts. 
  

Figure 23. Right-hand side: results of test runs of catalyst A+40cAlu with and without water addition. Left-hand side: results of test runs of catalyst A with and without water addition. Dashed vertical line represents the change between steps. Reaction conditions: p= 20 bar, T= 200 °C, mcat= 0.50 g. 
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7 Error estimation 

7.1 ALD overcoating procedure 
A few possible error sources were identified during the experimental work. One source 
of error was the ALD overcoating procedure. The results for alumina overcoatings 
were consistent in regards to layer thicknesses measured on silicon wafers (Appendix 
2). However, the overcoating masses were nearly identical, which was a bit surprising 
result as most publications report sufficiently linear weight gain per cycle even on 
catalytic materials. The error in alumina weight gain could be due to contamination of 
catalyst samples, impurities in the ALD reactor, too small precursor doses, short 
reaction times, as well as, too short purging times between the precursor cycles.  
In this work, the prepared overcoatings were assumed to be conformal with 
thicknesses correlating to those measured from the silicon wafers. However, the 
actual structure of the ALD overcoating most likely differs from this expectation, and 
should be verified by applying further catalyst characterization, e.g., TEM or XRD 
technique. As analysis of catalyst overcoating, which has the same material used both 
as catalyst support and overcoating, is rather challenging, it is recommended to use 
different material such as ZnO to examine the ALD film. It that case, one should be 
aware that the film growth between these two materials could differ and might not be 
comparable as such. They could, however, provide an insight of the film conformality, 
structure and thickness over the particular catalyst. 

7.2 Experimental work 
In the reaction tests, there is a possibility for errors due to imprecise calibrations, 
accuracy of the analyses, reactor set-up properties, and due to various human 
actions. Prior to the experiments, water pumps, mass flow controllers, measuring 
thermoelements, and analysis equipment were checked and calibrated. 
The most significant error source was related to oil samples and their analysis. The 
middle distillate hydrocarbons (~C10 to C23) were found in all three phases due to the 
conditions of the separation traps and the vapor pressure of each hydrocarbon 
species. This complicated calculation of the mass balances and the C5+ product flows, 
which relied on the ASF α-value based on oil fraction analysis. In addition, collection 
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and preparation of the oil samples could cause some deviation to the results. In some 
of the unfinished experiments, the amount of oil sample was too small to conduct a 
proper GC analysis. This problem was only seen with the second reactor.  
Catalyst weighting was assumed to be one of the possible error sources. The amount 
of catalyst weighted was 0.50 ± 0.01 g in the experiments. The error related to 
weighting was calculated to be approximately ± 2 %.  
Another possible error source was the online analysis of the gaseous phase. 
Fluctuation in the product composition caused a slight change in peak retention times 
with some of the gas samples. In these cases, the retention times were checked and 
corrected. Calibration gas was used to verify the accuracy and proper function of the 
GC to minimize the effect of errors. 
Temperature measurement and reactor heating could also cause some deviation to 
the results. When the reactor was assembled, the measuring thermocouple was 
always placed vertically to the same height. However, there was a possibility for 
horizontal movement of the measuring element, since there was no so-called pocket 
to ensure the fixed position. It is also worth mentioning that local hotspots can form 
inside the catalyst bed, which are not easily observed by the thermocouple. This was 
noticed in one of the unfinished experiments, where intensive methanation was 
detected with GC due to unsuccessful reaction start-up. The error in temperature 
control and measurement was estimated to be around ± 1 %.  
In addition, water feed could cause some error to the results. In the reaction 
experiments, flow rates in a range of 0.010–0.024 ml/min were used. Manufacturer 
reports an accuracy of ± 1 % for a flow rate range between 0.010 and 5.000 ml/min 
for the used pump head model. Even so, the small water flow rate caused some 
technical issues with the co-feeding of water. In some of the unfinished experiments, 
the water feed had been suddenly stopped during the run, which was most likely due 
to electrical failure or due to small air bubbles in the lines. The risk of air bubbles 
getting to the system was minimized by treating water in the ultrasonic bath minimum 
4 hours before it was poured to supply tank, and by purging the lines before the water 
feed was turned to the reactor. Additional to the water feed, a small error related to 
mass flow controllers can be expected. The error with mass flow controllers is 
probably more evident with smaller flows as the flow rate range of the controls was 
quite high. The error related to these controllers is estimated to be ± 5 %.  
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8 Conclusions and future work 
This thesis focused on studying the effect of water and ALD deposited overcoating on 
cobalt-based catalyst in Fischer-Tropsch synthesis. Four cobalt catalysts with a 
varying number of alumina ALD cycles, 0, 30, 35, and 40 were synthesized for the 
reaction experiments. The effect of water was tested by co-feeding water in a step-
wise manner. In addition, the effect of ALD overcoating was tested in a long-term 
experiment.  
Based on the experiments, catalyst with 40 ALD cycles yielded highest CO conversion 
and showed improved stability against long-term and water-induced deactivation. 
Catalysts with less ALD layers deactivated rapidly at a moderate inlet water 
concentration (20 mol-%). With a high water concentration (30 mol-%), all catalysts 
deactivated irreversibly.  
The effect of external water on product selectivities was well in line with the literature. 
Increasing water concentrations enhanced the formation of long-chain hydrocarbons 
and decreased the formation of methane with all catalysts. ALD overcoating was also 
found to have a separate impact on the product selectivities. Presence of ALD 
overcoating was noticed to increase the formation of methane and decrease C5+ 
selectivity. In addition, the overcoated catalysts seem to be prone to secondary 
hydrogenation of olefins, which was seen as a decreased olefin-to-paraffin ratio.  
Further catalyst characterization is recommended to enlighten the observed effects of 
ALD overcoating and water. The following studies should focus on determining the 
structure and thickness of the overcoating by means of transmission electron 
microscopy (TEM) experiments or similar. Moreover, analysis of the spent catalysts 
by appropriate characterization techniques, such as temperature-programmed 
reduction (TPR), X-ray fluorescence (XRF), or X-ray absorption near edge structure 
(XANES), could give an insight about the cause of deactivation but also about the 
protective nature of the overcoating. 
The distribution of hydrocarbon species between the three phases induced some 
unreliability to the results. Since there was no distinct deviation between the 
hydrocarbon fractions, calculation of product flow rates (based on oil ASF α-value) 
from analysis results of the oil phase was rather difficult. Distribution of the 
hydrocarbons depended on the used separation trap conditions and partial pressure 
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of the hydrocarbons species. In this work, the separation trap conditions were 
restricted by test rig properties, and were chosen to prevent condensation of water to 
the wax trap. For future experiments, it is recommended to calculate the α-value from 
wax fraction to improve reliability of the process. This was not, however, applicable in 
this work since collection of the wax sample would have meant disassembling the 
reactor system during the experimental run.  
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APPENDIX 1 (1/2). 
 
Preparation of Co-Pt-Si/γ-Al2O3 catalyst (LSC-130) 
 
Materials: 
2-neck flask  Vacuum unit  Measure cylinders  Magnetic stirrer  Stopcock to the bigger joint  Dropping funnel for the smaller joint  
”Bird’s nest heater”  Rotary vacuum evaporator  Calcination oven and tube Crucible  Impregnation of cobalt and platinum (I):  

1. Weight 60 g of the support (Puralox SCCa 5/150) to the 2-neck flask. Attach stopcock and dropping funnel. Heat in a birds’ nest at 100 °C for 1 h under vacuum. Increase the vacuum slowly in the beginning.  2. Weight 40.2 g of Co(NO3)2 ·6 H2O and 0.42 g of Platinum (IV) Nitrate-solution (assay 16,51 %) to the measuring cylinder. Add water until the final volume is 32.4 mL and mix until dissolved.  3. Let the support cool down in a vacuum.  4. Impregnate the solution onto the support with a quick opening of the stopcock. Tap the flask for 10 min and leave to impregnate for a minimum 1 h.  5. Dry in a rotary vacuum evaporator equipped with a special joint (prevents contamination). Set the water bath temperature to 80 °C and increase the vacuum slowly. Continue until dry.  6. Calcine in flowing air at 300 °C for a minimum 4 h using a rotary calcinator.  
Impregnation of cobalt and platinum (II):  

7. After calcination, move the catalyst to a 2-neck and increase the vacuum slowly.  8. Repeat steps 2 to 6.  
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APPENDIX 1 (2/2). 
 
Impregnation of silica:  

9. After calcination, move the catalyst to a 2-neck and increase the vacuum slowly.  10. Weight 7.2 g of Tetraethyl orthosilicate (C8H20SiO4) and 60 mL of ethanol. Heat to 60 °C and maintain the temperature for 15min.  11. Impregnate the solution and allow it to react for 1 h at 60 °C. Evaporate until the solution comes viscous.  12. Wash the catalyst with ethanol and place it to a crucible. Dry the catalyst overnight in steaming cabinet/drying oven at 110 °C.  13. Next day calcine in flowing air at 300 °C for a minimum 4 h using a rotary calcinator. 
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APPENDIX 2. 
 
Table 1. Alumina ALD overcoating results. Film thicknesses and masses were 
measured on silicon wafers 

Catalyst No of ALD cycles Film thickness a Mass of alumina 
ALD overcoating 

  [nm] [mg] 
A+30cAlu  30 2.6 14 
A+35cAlu 35 3.1 NA 
A+40cAlu 40 4.7 13 

a Measured on silicon wafers (oxide layer ~2 nm was subtracted from the original data) 
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APPENDIX 3. 
 
Figure 1. presents an example of oil and wax samples.  
 

 
 

Figure 1. Liquid and waxeous products from experiment 4-1: Catalyst A+40cAlu. Wax sample was collected after the experimental run was finished and oil sample was collected after step B. 



  

1  

APPENDIX 4 (1/2). 
 
GC specifications (gaseous products) and typical chromatograms of the hydrocarbons and inorganic compounds. 
 

Gas chromatograph Shimadzu Nexis GC-2030 
Detector(s) FID, T= 300 °C TCD, T= 215 °C Column(s) Porapak-Q, length: 1.8 m, id: 1 mm Carboxen-1000, length: 2.5 m, id: 1 mm  DB-1 capillary column, length: 60 m, id: 0.25 mm, film thickness 1 μm Carrier gas TCD= Ar FID= He Temperature program  

Analysis duration 25 min 
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APPENDIX 4 (2/2). 
 

 

Figure 1. An example chromatogram of the light hydrocarbons in gaseous phase (FID). The chromatogram is from run 4-1 step E.  

 
Figure 2. An example chromatogram of the inorganic gases and methane (TCD). The chromatogram is from run 4-1 step E. 
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APPENDIX 5. 
 
GC specifications (liquid products) and a typical chromatogram of the hydrocarbons in the liquid phase. 
 

Gas chromatographs Shimadzu GC-2014 
Detector(s) FID, T= 345 °C 
Column(s) SH-RxiTM-5HT capillary column, length: 30 m, id: 0.32 mm, film thickness: 0.10 μm Carrier gas He 
Sample volume 1 μL 
Temperature program  

Analysis duration 35.5 min 

 
Figure 1. An example chromatogram of the FT products in the oil-phase. The chromatogram is from run 4-1 step E. 
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APPENDIX 6. 
 
GC specifications (FT waxes) and a typical chromatogram of the hydrocarbons in the waxeous phase. 
 

Gas chromatograph Shimadzu Nexis GC-2030 
Detector(s) FID, T= 430 °C 
Column(s) CP-SimDist UltiMetal, length: 10 m + 1 m retention gap, id: 0.503 mm, film thickness: 0.17 μm Carrier gas He 
Sample volume 1.5 μL 
Temperature program  

Analysis duration 64 min 

 
Figure 1. An example chromatogram of the waxeous FT products. The chromatogram is from wax analysis after run 4-1.  
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APPENDIX 7 (1/2). 
 
Example of an excel template used for calculations. Data is from experiment 1-1. 

   

Area Response Amount Mol% Mw Weight Weight-% Carbon Mol/h Productfactor mol/h g/mol g/h Atoms Carbon Mol-% CH2 277293.3 10.9449 7.86E-02 2.0158 1.59E-01N2 5031.75 1 1.56E-02 28.01 4.37E-01CO 12543.25 3.82E-02 0.98 3.97E-02 28.0104 1.11E+00 1 3.97E-02CH4 759.5 2.47 9.54E-04 30.64 16.0426 1.53E-02 10.08 1 9.54E-04 8.87CO2 0 0.81 0.00E+00 0.00 44.0098 0.00E+00 0.00 1 0.00E+00 0.00C2H4 0 2.01 0.00E+00 0.00 28.0536 0.00E+00 0.00 2 0.00E+00 0.00C2H6 0 1.74 0.00E+00 0.00 30.0694 0.00E+00 0.00 2 0.00E+00 0.00
C1 1971158 0.97 1.05E-03 33.77 16.0426 1.69E-02 11.11 1 1.05E-03 9.77
C2 122319.5 0.97 3.73E-05 1.20 28.0536 1.05E-03 0.69 2 7.47E-05 0.69C3 474263 0.98 9.55E-05 3.07 42.0804 4.02E-03 2.65 3 2.87E-04 2.66C1OH 0 0.23 0.00E+00 0.00 32.042 0.00E+00 0.00 1 0.00E+00 0.001-C4= 190343.5 1.07 2.63E-05 0.85 56.1072 1.48E-03 0.97 4 1.05E-04 0.98n-C4 305584.5 0.98 4.46E-05 1.43 58.123 2.59E-03 1.71 4 1.78E-04 1.66C4 14703.5 1.02 2.13E-06 0.07 56.1072 1.20E-04 0.08 4 8.53E-06 0.08C4 0 1.02 0.00E+00 0.00 56.1072 0.00E+00 0.00 4 0.00E+00 0.00C4 7641.25 1.02 1.11E-06 0.04 56.1072 6.22E-05 0.04 4 4.44E-06 0.04C2OH 0 0.46 0.00E+00 0.00 46.0688 0.00E+00 0.00 2 0.00E+00 0.00i-C5= 154177.3 1.04 1.76E-05 0.56 70.134 1.23E-03 0.81 5 8.78E-05 0.82n-C5 303344.3 0.99 3.53E-05 1.13 72.1498 2.54E-03 1.68 5 1.76E-04 1.64C5= 13831 0.99 1.65E-06 0.05 70.134 1.16E-04 0.08 5 8.27E-06 0.08C5= 10992.25 0.99 1.31E-06 0.04 70.134 9.22E-05 0.06 5 6.57E-06 0.06C3OH 0 0.6 0.00E+00 0.00 60.0956 0.00E+00 0.00 3 0.00E+00 0.001-C6= 105168.8 1.03 1.01E-05 0.32 84.1608 8.48E-04 0.56 6 6.04E-05 0.56n-C6 272499.5 1.03 2.55E-05 0.82 86.1766 2.20E-03 1.45 6 1.53E-04 1.42C6= 14582.75 0.99 1.45E-06 0.05 84.1608 1.22E-04 0.08 6 8.72E-06 0.08C6= 10697.75 0.99 1.07E-06 0.03 84.1608 8.97E-05 0.06 6 6.40E-06 0.06C4OH 0 0.66 0.00E+00 0.00 84.1608 0.00E+00 0.00 4 0.00E+00 0.001-C7= 54875.25 1 4.64E-06 0.15 98.1876 4.56E-04 0.30 7 3.25E-05 0.30n-C7 178934 1 1.48E-05 0.48 100.2034 1.49E-03 0.98 7 1.04E-04 0.96C7= 8587.5 1 7.26E-07 0.02 98.1876 7.13E-05 0.05 7 5.08E-06 0.05C7= 6939.25 1 5.87E-07 0.02 98.1876 5.76E-05 0.04 7 4.11E-06 0.04C5OH 1076.25 0.71 1.43E-07 0.00 88.1492 1.26E-05 0.01 5 7.14E-07 0.011-C8= 22422.5 1 1.66E-06 0.05 112.2144 1.86E-04 0.12 8 1.33E-05 0.12n-C8 99507.5 1 7.23E-06 0.23 114.2302 8.26E-04 0.54 8 5.79E-05 0.54C8= 0 1 0.00E+00 0.00 112.2144 0.00E+00 0.00 8 0.00E+00 0.00C8= 0 1.03 0.00E+00 0.00 112.2144 0.00E+00 0.00 8 0.00E+00 0.00C6OH 0 0.74 0.00E+00 0.00 102.176 0.00E+00 0.00 6 0.00E+00 0.001-C9= 6725.25 1 4.42E-07 0.01 126.2412 5.58E-05 0.04 9 3.98E-06 0.04n-C9 41401.5 1.03 2.60E-06 0.08 128.257 3.34E-04 0.22 9 2.34E-05 0.22C9= 1561.5 1.03 9.97E-08 0.00 126.2412 1.26E-05 0.01 9 8.98E-07 0.01C7OH 0 0.8 0.00E+00 0.00 116.2028 0.00E+00 0.00 7 0.00E+00 0.001-C10= 1666.5 1.02 9.67E-08 0.00 140.268 1.36E-05 0.01 10 9.67E-07 0.01n-C10 14743.25 1.02 8.44E-07 0.03 142.2838 1.20E-04 0.08 10 8.44E-06 0.08C10= 1915.25 1 1.13E-07 0.00 140.268 1.59E-05 0.01 10 1.13E-06 0.01C8OH 1685.25 0.85 1.26E-07 0.00 130.2296 1.65E-05 0.01 8 1.01E-06 0.011-C11= 0 0.99 0.00E+00 0.00 154.2948 0.00E+00 0.00 11 0.00E+00 0.00n-C11 9560.75 1.01 5.03E-07 0.02 156.3106 7.86E-05 0.05 11 5.53E-06 0.05C11= 3278.5 1.01 1.75E-07 0.01 154.2948 2.70E-05 0.02 11 1.92E-06 0.02C11= 0 1 0.00E+00 0.00 154.2948 0.00E+00 0.00 11 0.00E+00 0.00C9OH 1433 0.84 9.82E-08 0.00 144.2564 1.42E-05 0.01 9 8.84E-07 0.011-C12= 0 1.01 0.00E+00 0.00 168.3216 0.00E+00 0.00 12 0.00E+00 0.00n-C12 3054.25 0.99 1.50E-07 0.00 170.3374 2.56E-05 0.02 12 1.80E-06 0.02C12= 0 0.99 0.00E+00 0.00 168.3216 0.00E+00 0.00 12 0.00E+00 0.00C12= 0 1 0.00E+00 0.00 168.3216 0.00E+00 0.00 12 0.00E+00 0.00C12= 0 1 0.00E+00 0.00 168.3216 0.00E+00 0.00 12 0.00E+00 0.00C10OH 0 0.84 0.00E+00 0.00 158.2832 0.00E+00 0.00 10 0.00E+00 0.001-C13= 3194.5 1 1.45E-07 0.00 182.3484 2.65E-05 0.02 13 1.89E-06 0.02n-C13 2684.25 1 5.68E-08 0.00 392.3512 2.23E-05 0.01 13 7.39E-07 0.01C13= 0 1 0.00E+00 0.00 182.3484 0.00E+00 0.00 13 0.00E+00 0.00C11OH 0 0.84 0.00E+00 0.00 172.31 0.00E+00 0.00 11 0.00E+00 0.001-C14= 0 1 0.00E+00 0.00 196.3752 0.00E+00 0.00 14 0.00E+00 0.00n-C14 8038.75 1 3.36E-07 0.01 198.391 6.68E-05 0.04 14 4.71E-06 0.04C14= 0 1 0.00E+00 0.00 196.3752 0.00E+00 0.00 14 0.00E+00 0.00C14= 0 1 0.00E+00 0.00 196.3752 0.00E+00 0.00 14 0.00E+00 0.00C14= 0 1 0.00E+00 0.00 196.3752 0.00E+00 0.00 14 0 0.00C12OH 0 0.84 0.00E+00 0.00 186.3368 0.00E+00 0.00 12 0.00E+00 0.00
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APPENDIX 7 (2/2). 
 
HC Paraffin, (g/h) Olefin (g/h) Sum, g/h mass-share (%) Mw* Mol Mol carbon LN(mol c)1 1.69E-02 1.69E-02 14.1 16.0 1.05E-03 1.05E-03 -6.862 1.05E-03 1.05E-03 0.9 30.1 3.48E-05 6.96E-05 -10.273 4.02E-03 4.02E-03 3.4 44.1 9.11E-05 2.73E-04 -9.304 2.59E-03 1.66E-03 4.25E-03 3.6 58.1 7.31E-05 2.92E-04 -9.525 2.93E-03 1.44E-03 4.37E-03 3.7 72.1 6.06E-05 3.03E-04 -9.716 3.18E-03 1.06E-03 4.24E-03 3.5 86.2 4.92E-05 2.95E-04 -9.927 3.36E-03 5.85E-04 3.95E-03 3.3 100.2 3.94E-05 2.76E-04 -10.148 3.48E-03 1.86E-04 3.66E-03 3.1 114.2 3.21E-05 2.57E-04 -10.359 3.54E-03 6.84E-05 3.61E-03 3.0 128.3 2.81E-05 2.53E-04 -10.4810 3.56E-03 2.95E-05 3.59E-03 3.0 142.3 2.52E-05 2.52E-04 -10.5911 3.55E-03 2.70E-05 3.57E-03 3.0 156.3 2.29E-05 2.51E-04 -10.6912 3.50E-03 0.00E+00 3.50E-03 2.9 170.3 2.06E-05 2.47E-04 -10.7913 3.43E-03 3.43E-03 2.9 184.4 1.86E-05 2.42E-04 -10.8914 3.35E-03 3.35E-03 2.8 198.4 1.69E-05 2.36E-04 -10.9915 3.25E-03 3.25E-03 2.7 212.4 1.53E-05 2.29E-04 -11.0916 3.14E-03 3.14E-03 2.6 226.4 1.38E-05 2.22E-04 -11.1917 3.02E-03 3.02E-03 2.5 240.5 1.25E-05 2.13E-04 -11.2918 2.89E-03 2.89E-03 2.4 254.5 1.14E-05 2.04E-04 -11.3919 2.76E-03 2.76E-03 2.3 268.5 1.03E-05 1.95E-04 -11.4820 2.63E-03 2.63E-03 2.2 282.6 9.31E-06 1.86E-04 -11.58
… … … … … … … …107 2.43E-06 2.43E-06 2.04E-03 1.50E+03 1.62E-09 1.73E-07 -20.24108 2.22E-06 2.22E-06 1.86E-03 1.52E+03 1.47E-09 1.58E-07 -20.34109 2.03E-06 2.03E-06 1.70E-03 1.53E+03 1.33E-09 1.45E-07 -20.44110 1.86E-06 1.86E-06 1.55E-03 1.54E+03 1.20E-09 1.32E-07 -20.54Total 1.14E-01 5.05E-03 1.20E-01 1.00E+02 1.73E-03 8.27E-03
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APPENDIX 8. 
 
Table 1. List of the performed experiments in chronological order. Reaction 
conditions: T= 200 °C, p= 20 bar, H2/CO molar ratio= 2.0, and mcat= 0.50 g 
Exp ID Reactor Catalyst Testing the effect of increased CO conversion 

Testing the effect of step-wise water addition 1-1 1 A + + 
1-2 2 A (+) (+) 
2-1 1 A+30cAlu + + 
2-2 2 A+30cAlu (+) (+) 
3-1 1 A+35cAlu (+) (+) 
4-1 1 A+35cAlu + + 
5-1 1 A+40cAlu + + 
6-1 1 A+40cAlu + - 
6-2 2 A+0cyAlu + - 

[ + ] Parameter was tested. [ - ] Parameter was not tested. [(+)] The experiment was discontinued due to technical problems with experimental rig. 
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APPENDIX 9 (1/2). 
 
Table 1. FT reaction results from reactor 1. Reaction conditions: T= 200 °C, p= 20 
bar, H2/CO= 2.0, and mcat= 0.50 g 

Exp ID Step Q (syngas + H2O)  
XCO  SC5+ SCH4  O/P 

(C4-C6) 
αOIL 

(C12-C16) αWAX 
(C30-C40) rC5+  

  [ml/min] [%] [%] [%]    [g/gcat h] 
1-1 A 110 7.9 71.7 a 18.3 a 0.74 0.877 a 0.901 0.14 a 

B 58 14.9 72.1 a 17.9 a 0.60  0.877 a 0.901 0.13 a 
C 73 (58 + 15) 12.3 77.8 12.1 0.93 0.871 0.901 0.09 
D 83 (58 + 25) 6.2 86.7 6.6 1.07 0.875 0.901 0.05 
E 58 6.4 82.4 10.9 0.51 0.861 0.901 0.06 

2-1 A 110 7.4  68.2 a 25.6 a 0.20 0.896 a 0.900 0.28 a 
B 50 15.6 69.1 a 24.6 a 0.15 0.896 a 0.900 0.25 a 
C 63 (50 + 13) 11.5 76.3 14.5 0.51 0.887 0.900 0.12 
D 71 (50 + 21) 5.5 77.9 11.8 0.91 0.891 0.900 0.07 
E 50 6.8 72.3 16.9 0.78 0.878 0.900 0.08 

4-1  A 110 7.0 66.6 a 22.8 a 0.68 0.867 a 0.894 0.14 a 
B 50 14.9 70.1 a 20.5 a 0.49 0.879 a 0.894 0.15 a 
C 63 (50 + 13) 11.2 73.9 14.0 1.05 0.880 0.894 0.09 
D 71 (50 + 21) 7.2 80.0 9.0 1.40 0.902 0.894 0.08 
E 50 7.2 77.8 12.6 0.99 0.902 0.894 0.10 

5-1  A 110 8.8 50.2 a 42.3 a 0.20 0.872 a 0.888 0.19 a 
B 58 14.5 52.0 a 40.5 a 0.14 0.872 a 0.888 0.17 a 
C 73 (58 + 15) 14.2 66.2 21.6 0.63 0.853 0.888 0.10 
D 83 (58 + 25) 7.9 75.7 12.2 1.21 0.886 0.888 0.07 
E 58 8.1 70.8 17.7 0.87 0.875 0.888 0.09 

6-1  A 110 8.8 61.8 30.6 0.27 0.878 0.894 0.21 
B1 63 15.5 62.9 29.3 0.21 0.876 0.894 0.21 
B2 63 15.4 61.6 30.2 0.22 0.869 0.894 0.19 
B3 63 15.2 56.6 33.9 0.22 0.848 0.894 0.15 
B4 63 15.1 56.6 33.9 0.23 0.848 0.894 0.15 

a Oil sample contained the liquid fractions from steps A and B.   
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APPENDIX 9 (2/2). 
 
Table 2. FT reaction results from reactor 2. Reaction conditions: T= 200 °C, p= 20 
bar, H2/CO= 2.0, and mcat= 0.50 g 

Exp ID Step Q (syngas + H2O)  
XCO  SC5+ SCH4  O/P 

(C4-C6) αOIL 
(C12-C16) αWAX 

(C30-C40) rC5+  

  [ml/min] [%] [%] [%]    [g/gcat h] 
6-2  A 110 6.3 71.1 17.5 1.6 0.890 0.897 0.11 

B1 63 15.3 69.1 18.6 1.4 0.880 0.897 0.10 
B2 63 14.4 69.4 18.3 1.4 0.881 0.897 0.10 
B3 63 14.5 66.4 20.0 1.4 0.867 0.897 0.09 
B4 63 14.3 61.9 22.7 1.4 0.847 0.897 0.07 

 


