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Abstract

The world strives towards a way to decrease CH4 and CO, emissions to the atmosphere.
A way to do this is to utilize these gases in processes that can make useful products. One
of these are dry reforming of methane (DRM), where CH4 and CO» are used to produce
syngas with a H>/CO ratio of approximately 1.

The goal of this thesis was to prepare six catalysts derived from hydrotalcite (HT) precur-
sors, similar to hydrotalcites (HTs) with alkaline earth or noble metal promoters and use
them in the DRM reaction while studying their activity, selectivity and stability. Four HT
catalysts with calcium (Ca) and magnesium (Mg) as promoters were prepared with the co-
precipitation method. In addition, two catalysts were prepared by adding rhodium (Rh) to
the Mg catalysts with the incipient wetness method utilising the memory effect of HTs.
The catalysts were characterized by N, adsorption/desorption, temperature programmed
reduction (TPR), temperature programmed desorption (TPD), H;-chemisorption and X-
ray diffraction (XRD) measurements. The catalysts were studied in a DRM reaction at
750°C and 1 bar for 15 h time on stream (TOS). The reaction was run over 200 ml/min
CH4/CO; 1:1 ratio, giving a gas hourly space velocity of 240000 g:;’ﬁ The NiMgAl
catalysts had high initial activities but experienced a rapid decrease in CH4 and CO, con-
versions. The most stable catalysts were the NiMgAIRh catalysts, that showed good sta-
bility for CH4 and CO; conversions with very little deactivation, due to the noble metal
addition. The NiCaAl catalysts also demonstrated stable activity, ascribed to the CO,
adsorption capacity of Ca, which could gasify deposited carbon.
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1 Introduction

Dry reforming of methane (DRM) was first investigated by Fischer and Tropsch in 1928,
with nickel (Ni) and carbon monoxide (CO) as catalysts. [1] Since then technology has
developed a lot further, and today DRM has gotten new attention as a way to utilize two of
the gases that do a lot of damage to our environment: carbon dioxide (CO;) and methane
(CHy). Every year the concentration of CO, in the atmosphere increases, which have a
large impact on global warming of our planet. Both CO; and CH4 are greenhouse gases,
although there are much less CH4 than CO; in the atmosphere. However, one mole of
CHy4 is 24 times more effective at absorbing infrared radiation than one mole of CO,.
Given in mass measurement, 1 kg of CH4 is 66 times more effective as a greenhouse gas
than 1 kg of CO;. In addition, combustion of methane can produce carbon dioxide and
thereby increase the CO; content in the atmosphere. [2]

A way to reduce CO, and CHy4 emissions to the atmosphere is the process of dry re-
forming of methane (DRM), which utilizes both of these components to produce more
useful products that can be used in the industry, e.g. in the Fischer-Tropsch (F-T) process
(Eq. 1). In this process the ratio of hydrogen and carbon monoxide (H,/CO ratio) that is
needed is 2:1. [1] [3]

nCO + (211 + I)Hz = C,Hyp42 +nH0 (D)

To reduce the energy needed for the DRM reaction, different types of catalysts has been
tested in the reaction process. In recent years there has been an increased interest in using
hydrotalcite with different types of promoters as a catalyst for this reaction. But DRM
is not considered as a usable commercial process yet, because carbon formation from the
reaction will occur and thereby cause deactivation of the catalyst. Also, since it is a highly
endothermic reaction high temperature will be needed, so the catalyst can also be exposed
to thermal sintering.



2 Literature review

2.1 Syngas production from methane

There are different technological processes existing today that uses methane to make syn-
gas. This will become more important in the future as the world now is changing to
explore and develop natural gas from unconventional reserves like shale gas, and to re-
duce the dependence on crude oil resources. This is the result of the new fracturing
technology that makes shale gas easier and cheaper to produce than before. There are a
number of industrial pathways to convert methane to make desired products such as fuel
and chemicals. Figure 1 shows the main methane conversion processes that are inter-
esting to develop further today. [4] In this thesis partial oxidation, steam reforming and
autothermal reforming will only be given a brief overview, while the main focus is on dry
reforming of methane.

Steam Reforming

High Temp. Dry Reforming

> 600 °C Partial Oxidation

Autothermal Reforming
@ e ' Oxidative Coupling of Methane
' Nonoxidative Conversion of Methane
O
@ a ' Electrochemical Total Oxidation O©O (13

Low Temp. | Partial Oxidation é‘ (0)10)2

<600 °C g(_—jé

! Halogenation/Oxyhalogenation

Figure 1: Conversion processes for methane at high and low temperatures [4]

2.1.1 Steam reforming of methane (SRM)

Hydrogen has been produced from SRM reaction for decades. Figure 2 shows a flowsheet
for the SRM process.
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Figure 2: Flowsheet for the SRM process [5]

The process consists of three reactions where methane reacts with steam fed into the
furnace. Hydrogen and carbon dioxide is formed in an endothermic process.

CH4+H,O = CO+3H, AHj9g = 206kJ /mol 2)

CH4+2H,0 = CO, +4H, AHygg = 165kJ/mol 3)

The temperature and pressure for the reaction are 800-1000°C and 14-20 atm over a
nickel-based catalyst. Natural gas is added in the furnace as a supplement to provide
the heat needed for the endothermic reaction. The products are then led to a WGS reactor
where carbon monoxide and water produce carbon dioxide and hydrogen (water-gas shift
reaction). [5]

CO+H,O = COy+H, AHy93 = —41kJ /mol “4)

2.1.2 Partial oxidation (POX)

Another way to produce syngas is the partial oxidation of methane. This reaction needs
10-15% less energy than SRM, and the capitol cost is 25-30% cheaper compared to SRM.
There are some problems that needs to be solved. For the reaction to go forward one
needs co-feeding of oxygen under explosive conditions. The catalysts are exposed to
carbon deposition, and from this there can be hot spots in the reactor. There are two
reaction models that are accepted for this process. The first one is direct oxidation:

1
CHy+ 502 = CO+2H; AHpog = _44kJ/m01 o)

co,



where methane and oxygen produce carbon monoxide and hydrogen. The other way for
this is indirect oxidation that involves the methane combustion step that produce water
and carbon dioxide. Then SRM and DRM reactions together with water-gas shift reaction

are needed to produce syngas. [6]

CH4+ Oy = CO2+2H20 AH»93 = —802kJ /mol 6)
CH4+H,O = CO+3H, AHy93 = 206kJ /mol (7)
CH4+COy =2 2C0O+2H, AH,gg = 247kJ /mol 8)
CO+H,O=CO,+H, AHy93 = —41kJ /mol C))

2.1.3 Autothermal reforming (ATR)

ATR combines the two techniques of SRM and POX in a stand-alone process where the
hydrocarbon conversion can be completed in one reactor, as shown in Figure 3.

Oxygen/air
(or enriched air)

Feedstock

and steam ‘

Combustion
chamber

LLRCRLAERtntntning Catalyst

/ bed
yd

‘ Synthesis
gas

Figure 3: ATR reactor diagram [7]

There are two types of ATR systems. The first one is used for fuel cell applications,
consisting of a catalyst bed where combustion and steam reforming occur simultaneously.
The second one has two separate sections. Non-catalytic partial oxidation occurs in the



first section using a burner. In the other section the steam reforming takes place on a
catalyst bed. This type of reactor can be used for gas to liquid (GTL) applications. [7]
The reactions used in the ATR process are a combination of SRM and POX. [8]

CH4+HO = CO+3H, AHy93 = 206kJ /mol (10)
CH4+2H,0 = CO, +4H, AHj9g = 165kJ /mol 1)
CO+H,O=CO,+H, AHs93 = —41kJ /mol (12)
CH4+ 0y = CO2+2H20 AH»93 = —802kJ /mol (13)

2.2 Dry reforming of methane (DRM)

Dry reforming of methane is that carbon dioxide (CO;) and methane (CHy) acts as reac-
tants to form the products of hydrogen (H;) and carbon monoxide (CO), also known as
syngas.

CO,+CHy 2 2Hy+2CO AHjogx = +247kJ/mol

AG® = 61770 — 67.32T (K)

This is an endothermic reaction that requires temperatures between 800 and 1000°C to
give high equilibrium conversion to syngas, and to minimize carbon deposition on the cat-
alyst during the reaction. The reason that the temperature is so high is that both methane
and carbon dioxide are very stable molecules that requires a lot of energy (heat) to break
up. [4] To try to decrease the necessary heat needed for the process, one can use different
types of catalysts that will reduce the activation energy needed to transform reactants to
products.

2.2.1 Side reactions

As the DRM proceeds, some side reactions are occurring simultaneously [1]

1. Reverse water-gas shift reaction:
CO,+Hy=CO+HyO AHyogx = —|—41kJ/mol

AG? = -8545 + 7.84T (K)



2. Boudouard reaction:
2C0=C(s)+COy  AHogx = —171kJ /mol
AG° =-39810 + 40.87T (K)
3. Methane decomposition:
CHy = C(s)+2H, AHyogx = +75kJ /mol
AGY =21900 - 26.45T (K)

At equilibrium, Gibbs free energy is equal to zero. For a reaction to proceed sponta-
neously to the right, producing products, Gibbs free energy must be less than zero. Be-
cause of this, RWGS and Boudouard reaction cannot occur at temperatures above 817°C
and 701°C, respectively, while the methane decomposition reaction can only occur when
the temperature is above 555°C.

DRM has a Hy/CO ratio of about 1, but the Reverse Water-Gas Shift reaction (RWGS) can
occur simultaneously with the DRM reaction, so the H,/CO ratio is therefore less than 1.
The main challenge for the DRM reaction is carbon deposition on the catalyst. [1]

2.2.2 Kinetic models
There are 3 different kinetic models for the reaction rate of the DRM process: [9]

1. Power law model
2. Eley Rideal (ER)
3. Langmuir Hinshelwood-Hougen Watson (LHHW)

The power law is a simple model for reaction rate, expressed as
r = k[Pcw, )" [Feo,]" (14)

The simplicity of this model cannot explain the various mechanistic steps that are taking
place on the surface of the catalyst. However, this model can be used as an initial estimate
used to solve the more complicated models ER and LHHW.

The ER model is based on that one of the reactants is adsorbed on the catalyst surface
at equilibrium. The adsorbed species that reacts with the other reactant from the gas
phase lead to products. The basic reaction is

CHy+COy <= 2CO+2H, (15)

6
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(18)

(19)
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(22)

Both of the reactants can be the adsorbed species, resulting in two different models for

ER. S is the active sites that are not being occupied in the mechanistic steps for all of the

reactions, and RDS is the rate-determining step for the models.

Langmuir Hinshelwood-Hougen Watson (LHHW) is the most used model for the DRM
reaction. In this model one assumes that there is one rate-determining step while the oth-

ers are in thermodynamic equilibrium. [9] Table 1 gives an example of reactions that can

be involved in the DRM reaction. [10] [11]



Table 1: Reactions in a DRM process

no. Reaction AHy9g [kJ/mol]
1 CH; +CO; & 2CO+2H, 247
2 CO; + H; & CO + H;O 41
3 2CO & C+COy -171
4 CH4 S C+2 H, 75
5 2 CHy4 + CO, < CyHg + CO + H,O 106
6 | 2CHy +2C0O; & CyHy +2 CO +2 HyO 284
7 C2H6 < CyHys + Hp 136
8 CO + 2 H, & CH30H -90.6
9 CO,+3H, & CH3OH + H,O -49.1
10 2 CH30H < CH30CH3 + H,O -37
11 CH30OCH3 + CO; < 3CO+3 Hp 258.4
12 CH3;OCH3 + HO <2 CO +4 H, 204.8
13 CH30CH3 +3 H,0 < 2CO; + 6 Hy 136
14 CO, +4Hy & CHy +2 H,O -165
15 CO +3 Hy & CHs + H,O -206.2

At the temperatures that are normally used for DRM reaction (650-1000°C) the reactions
that produce methanol and dimethyl ether (no. 5-7 in Table 1) does not occur. At high
temperature it is more probable that the reactions 8 and 9 in Table 1 will proceed. This
is because reactions 5-7 are exothermic, and 8 and 9 are endothermic. From this the
reactions 8 and 9 are more favourable than reactions 5-7. Also, the reactions that produce
ethane and ethylene are more prone to occur since these are also endothermic. Ethane
and ethylene have appeared as side products in DRM reaction. Reactions that include H,
such as the reverse water-gas shift reaction (2), and the methanation reactions (14 and 15)
could be observed at the high temperatures that are used in DRM reactions. [10] [11]

2.2.3 Deactivation of catalyst

The main problem for DRM reaction is the deactivation of the catalyst used in the process.
There are two reactions that mainly lead to carbon deposition: methane decomposition

and Boudouard reaction

CH, = C+2H, (23)

2C0 = C+CO, (24)

When DRM reaction starts, the carbon deposition come from reaction (23) since there
are only methane present in the system. When the time on stream (TOS) increases, CO



will also be present in the system. How much depends on the temperature and pressure
for the reaction, where higher pressure favourises the Boudouard reaction. Deactivation
can occur from other ways, such as sulphur poisoning of catalyst or sintering of metal
particles. There are some ways to prevent/control carbon deposition. One way is to in-
crease the dispersion on the surface of the support. Supports that have high surface area
(160-300 mz/gcamlys,) gives improved dispersion of active metals through their pore struc-
ture. Therefore, one gets a larger active surface area per unit weight of the active metal.
Also increasing the basicity of the catalyst increases the resistance against deactivation for
the catalyst. This occur because the rate of CO; activation that oxidises surface carbon
increases with increased basicity. [1]

2.3 Hydrotalcite derived catalysts

The gases CH4 and CO, are very easy to obtain in nature and are therefore not very ex-
pensive. [12] Noble metals from group VIII are less sensitive to coke deposition than
nickel (Ni), but are not thought for commercial use since they are very rare and expensive
metals. [13] Nickel is cheaper and gives good activity for DRM, but are prone to deacti-
vation due to coke deposition and sintering of the catalyst at high temperatures. Adding
small amounts of the noble metals to nickel catalyst prevents against coking of the Ni
catalyst. [14]

A new type of catalysts that has gained increased attention over the recent years, are
catalysts where hydrotalcite (HT) is used as a precursor. The catalysts have then shown
better resistance against carbon formation and thermal sintering. Adding rhodium (Rh) to
the catalysts improve the resistance against carbon formation on the catalysts. [1]

The name HT originates from a naturally occurring layered mineral discovered in Swe-
den in 1814. The mineral has a chemical structure that resembles talc, with a high content
of water. The structure consists of octahedrons with a divalent or trivalent metal in the
center, and 6 hydroxyl molecules around it. The layered sheets of the HT are then built up
by interchanging divalent and trivalent metals which makes the layers positively charged.
To neutralize the charge there are anions and water molecules in the interlayer structure
of the HT. Figure 4 displays a simple illustration of the structure of HTs.
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Figure 4: The general build-up structure of hydrotalcites

Interlayer structure

Today the name hydrotalcite or layered double hydroxides (LDH) is describing a large
number of synthesized minerals that have a similar structure to the mineral discovered in
Sweden. These have the general formula

M M2 (OH )] vl -mH0 (25)
where M?* consists of two metals with a valence of 2% and M3 consists of one metal
with valence of 3. A~ is a negative charged ion that balances the charge in the interlayer
structure. [9] n is the charge of the anion, and is in the range between 1-6. m is the number

of water molecules in the interlayer structure, and is zero or a positive number. X is the
mole fraction of the M3+ metal [15] [16] [17], calculated as

M3+

X= M2+ +M3+

(26)
where M?* and M3+ are the total moles of the divalent and trivalent cations, respectively.
To create stable layers for the HT structure, the size in radii of the ions for the divalent
and trivalent metals should not be very different from the size of Mg?* (0.072 nm) and
AIP* (0.054 nm) ions. To form a pure LDH phase, x should be between 0.2-0.4. If the
value are outside this range, other types of hydroxides or compounds can be formed. To
obtain the purest structure for hydrotalcites, x should be 0.25. [17] [18] [19]

To transform a HT to a mixed oxide, the catalyst can be heated at a certain tempera-
ture (calcination process), where the catalysts go through four steps: 1). dehydration, 2).
dehydroxilation, 3). decomposition of anion, 4). oxide reformation. In step 4). the mixed
oxides are formed when the temperature is above 450°C. [18]

10



Another ability of hydrotalcites is the “memory-effect”’, where the initial hydrotalcite
structure can be reconstructed after hydration of the catalyst. By adding a noble metal so-
lution to the calcined HT, a new layer can be developed, and noble metals can replace one
of the divalent/trivalent cations, or they can be trapped in one of the layers of the HT. This
will improve the abilities of the catalyst such as better activation and increased stability
against sintering. The forming of this new layer can be done if the calcination temperature
has been < 600°C, and if the calcined catalyst is exposed to water. [18] [20] [21]

HT can easily be synthesized from the co-precipitation method. Often the HT's are used
as precursors for catalysts, since when calcined the HTs can form mixed metal oxides that
improves important properties of a catalyst. Among the properties there are high surface
area, small particle size, increased basicity and improved thermal stability against deacti-
vation. The divalent and trivalent cations are evenly distributed in the layers, leading to a
homogeneous mixture of oxides. [9] [22] [23] [24] [25]

2.4 Theoretical background for the experiments
24.1 Co-precipitation and Incipient Wetness impregnation

For Co-precipitation a solution of salts of both the active material and the support compo-
nent are prepared. A precipitating agent, such as NaOH and/or Na;O3 is mixed together
with the solution to prepare the catalyst. This changes the pH of the solution, which lead
to formation of oxides or hydroxides. Additional ions can be introduced into the solution
to exceed the solubility of one of the precipitating elements. The final catalyst is then
filtrated and washed to get the solid material wanted before drying. [26] [27]

Impregnation is that a support-metal is mixed with a liquid solution, normally water solu-
tion, and then the precursor is dropped slowly onto the support. The different types of im-
pregnation is explained by the relationship between the impregnated liquid volume, V),
and the pore volume of the support material, Vp. The difference between the methods
is whether V;,, =~ Vp, or if V;;,, > Vp. Incipient wetness (IW) belongs to the category
that V,,, = Vp, and liquid solution is used to impregnate the support material. Capillary
pressure is the driving force that fills the pores. The method can be done quickly because
the support material takes up the liquid very fast. [26]

2.4.2 Calcination

The calcination procedure exposes the catalyst to a high temperature to finalize the forma-
tion of a metal oxide catalyst in a gaseous atmosphere inside either a furnace or reactor.
Calcination is done primarily to remove all impurities of the catalyst, leaving the surface
area free of any impurities that can poison the final catalyst. The temperature is slowly
increased at a ramp rate, normally in degrees/min. When the desired temperature for the

11



process is reached, the process will then hold at this temperature for the time that is set,
and then the system is turned off. The gas flow rate during calcination, and the cooling
rate when the system is turned off are considered to be negliable for the outcome of the
process. The optimal calcination temperature for Ni-Mg-Al HT precursors prepared from
co-precipitation method is 600°C. [17] [26]

2.4.3 Specific surface area, pore volume and pore size distribution

The pores of a heterogeneous catalyst are characterized after their size into four different
categories:

1. ultramicroporous: < 0.7 nm
2. microporous: < 2 nm

3. mesoporous: 2-50 nm

4. macroporous: > 50 nm

The category for the most common measuring methods mentioned in the following sec-
tions is in the mesoporous size range. The shape of the pores are normally irregular.
The closest form of geometric shape are cylindrical, slits and voids. Cylindrical and
slits are the geometrical models most used since they are simpler to handle mathemati-
cally. Alumina (Al,O3) and Magnesia (MgO) are examples of oxides that have cylindrical
pores. [28]

2.4.3.1 N, adsorption/desorption procedure

The standard procedure for measuring specific surface area, pore volume and pore size
distribution is N adsorption/desorption at 77 K. The first step is the determination of ad-
sorbed volume of nitrogen against relative pressure. [UPAC (International Union of Pure
and Applied Chemistry) have classified 6 types of adsorption isotherms where the four
presented in Figure 5 are the ones usually found for catalysts.

type VI

type |

type Il type IV

e
Adsarbed volume:
Adsorbed volume
Adsorbed vaume:

0 025 05 075 1 0 025 05 0.75 1 0 025 05 0.5 1 0 0.25 05 0.75 1
plps plps pips plps

Figure 5: Adsorption isotherms from N; adsorption [28]
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Most catalysts belong to the class IV isotherm that represents mesoporous solids. Type
IT isotherm represents macroporous solids. The isotherm is presented as a figure with
adsorbed volume of Nj versus relative pressure (1%). When saturation is reached, evap-
oration from the pores begin. This proceeds at a lower relative pressure, and therefore
give a hysteresis curve as a result for the complete adsorption/desorption process. This is
because different catalysts can have different pore shape. The six main types of hysteresis
have been identified after the IUPAC classification as shown in Figure 6

H1 H2(a) H2(b)

T l J

H3 H4 H5

% //_—% ’
/| —

Relative pressure —————jimme—

Amount adsorbed —————
™~
™~

Figure 6: The six hysteresis shapes from the N, adsorption/desorption isotherm [29]

The hysteresis type of H1, H2(a) and H2(b) are the ones that are common for catalysts and
carriers. Type H1 hysteresis have either cylindrical channels, or are made up by agglom-
erates of spherical particles which lead to a narrow distribution of uniform mesopores.
The steep and narrow form of the curve suggests that there is a delayed condensation on
the adsorption part. Templated silicas and mesoporous carbons usually gives this type of
hysteresis form. Type H2 hysteresis loops are representing more complex pore structures.
The steep desorption part can be described as pore blocking in a narrow range of pore
necks, or it could be to evaporation induced by cavitation. Silica gels and some ordered
mesoporous materials show these kind of hysteresis forms. Pore blocking is also a part of
H2(b) hysteresis, but here the size distribution for the width of the pore necks are much
larger. The hysteresis curves for H3 and H4 are common for active carbons and zeolites.
The solids representing these types of hysteresis curves are consisting of aggregates with
plate like particles that form slit shaped pores. The difference is that H3 type have a
type II adsorption isotherm, while H4 is composed of both type I and type II adsorption
isotherm. The HS hysteresis curve is not so common. This type describes pore structures
that contains both open and partially blocked mesopores. The H3, H4 and H5 curves have
a steep form for the desorption part of the curve that makes them easy to recognize. This
is generally located at narrow ranges for a relative pressure (P/Pg) between 0.4 and 0.5 for
nitrogen. [28] [30]
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2.4.3.2 BET surface area

To measure the specific surface area, S, of a sample, the BET method after Brunauer,
Emmett and Teller (1938) is the standard method used for this. The procedure is that
gas is being physically adsorbed on the surface of the sample, and then the volume of
adsorbed gas corresponding to a monolayer surface of the sample is being calculated.
Nitrogen (N») is the common gas used for this at its boiling temperature of -196°C (77
K). [31] The BET equation for determining the monolayer volume is

v Clz)
Vi 1+(C-nk] - [1-£]

27)

where V,, is the monolayer volume at standard conditions (S.C.) that is used to calculate
S. Vis the adsorbed volume (at S.C.), and 1% is the partial vapour pressure of the adsorbate
gas divided on the saturated pressure of the adsorbate gas. C is the BET constant, which
is given by the formula

q1—4L
c=°¢
RT

(28)

where ¢ is the heat adsorption for the first layer on the surface, and ¢y is the heat from
condensation that is equal for all the layers except the first one. To estimate a value for C
and V,,, equation (27) can be re-written into a linear form of y = a + bx, where a is the
intercepting point and b is the slope.

A _ 1 (c-nrp
V(l—p%) CVyy, CV, P

(29)

where a = ﬁ and b = g—",n} When plotted with a low pressure value in the range of
0.05 < 1% < 0.25, the result should give straight lines in the plot. [32] From this the BET
constant, C, can be calculated as g + 1, and the monolayer volume, V,,, as ﬁ' The

specific surface area, S, can then be calculated from the formula

VinNA

S= atdxm

(30)
where N is Avogadros number, A is the cross-sectional surface area where one single gas

molecule has been adsorbed, m is the mass used in the experiment, and the number 22414
is the volume of one mole of gas at standard conditions. [31] [33]
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2.4.3.3 BJH pore volume and size

To measure the pore volume and pore size distribution, the method after Barrer, Joinyer
and Halenda (BJH-method) is the standard one used today. It is based on the Kelvin
equation and modified for mesopore measurement

n (5) _ _ 2YVicos(0) 31
Py RTr,

where r. is cylindrical pore radius, 7 is surface tension, V,, is molar volume and 0 is the
contact angle between the adsorbed layer and the pore wall. R is the universal gas con-
stant, and T is temperature.

A pressure increase in the capillary condensation area, when 1% > (0.4, causes an increase
in the thickness of adsorbed layer on the pore walls. It also increases the capillary conden-
sation in the pores that have a core size r.. By assuming that the pores have a geometrical
shape, in our case cylindrical, the core volume and core size can be transformed into pore
volume and pore size. The pore volume and pore size distribution can then be obtained
by examining the isotherm step by step from 0.42 < 1% < 0.98. [28] [34]

2.4.4 Crystallography and X-ray Diffraction (XRD)

X-rays is electromagnetic radiation with a relatively short wavelength, A. To examine
crystallographic directions and distances between the atoms in a crystal, one can look at
the crystal as an unit cell. The unit cell is visualized by imaginary planes with various
orientations, and each of the orientations is intercepting translation vectors at various
points. The characterization of each cell is then represented by a integer, given by the
inverse of the point of where the axial part of the planes intercept with each other. The
description of the direction and distance is given as Miller indices. Parallel planes will
meet at infinity and they are given the Miller indice of zero, since the inverse of infinity
goes to zero mathematically. The Miller indices define the length of the imaginary planes
from the edges of the unit cell. From this the unit cell and thus the crystal structure is
presented as the perpendicular distance between the planes as a distance vector, dj,x ,
which gives the distance between the atoms. h,k and 1 define the different axes of the
plane. As an example, a plane that passes through each unit cell is intercepting the h axis
at 1/1, the k axis at 1/2, and is Parallel to the 1 axis has Miller indices of 1/1, 1/2 and 1/eo,
or (120). If the plane passes in the negative sign of an axis, the number gets a bar over it,
e.g. (120). [35]

2.4.4.1 Diffraction and Bragg's law

When waves that are scattered from an object interfere constructively and destructively
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with each other, we have diffraction. These waves are characterized by their wavelengths,
A. A wave will scatter from an object in all directions. A second wave is scattered from
another object at a given wavelength distance from the first scattered wave. The two scat-
tered waves can then be viewed to be in phase at some angle. W.L. Bragg was the first
to prove that the phenomena of diffraction can be described mathematically as a general
law.

Figure 7: Diffraction of two X-ray beams

This is explained as the atoms in a unit cell is exposed to two X-ray beams, there will
be diffraction in all directions for each of the beams. As shown in Figure 7, the second
beam must travel a distance AB + BC further than the first beam to be in phase. This will
only happen if the distance AB + BC is an integer of the wavelength A, which gives the
equation nA = AB + BC. From Figure 7 one can see from trigonometry that AB + BC =
2 AB, and sinf = ’%. So AB =dsin 6 and nA =2 AB gives Bragg's law [35]

nA = 2dsin(0) (32)
2.4.4.2 X-ray Powder Diffraction and Scherrer equation

Every atom is unique in the way that its size and scattering ability is not equal to any
other atom. Because of this the distance between the planes dj  ;, and the intensities of
the X-ray beams are unique for each material. A material is built up of many different
atoms, and the diffraction angle is therefore different for each of the materials that are
being measured by X-ray diffraction. As already seen, a single crystal will give an angle
0 when exposed to a X-ray beam which is determined by the distance between the planes.
Since the material that are being measured is in a powder form, it will consist of much
more than just a single crystal, but millions to billions of smaller crystallites. When mea-
sured in a X-ray beam, the powder will represent all the planes, but diffraction will only
happen at the diffraction angle for each plane. If the angle the X-ray detector is using is
changed from 6 to 20, it will detect all possible diffraction peaks that is produced from
the crystallites in the powder measured. [35] To get an approximate value for the particle
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size of crystallites, the Scherrer equation can be used

kA

B cos(6p) (33)

davg. =
where A is the wavelength, 6y is the angle given for the maximum diffraction peak and 8
is the breadth given at full width of half maximum intensity (FWHM). k is a constant also
known as the shape factor, which is equal to 0.9 when 8 for FWHM is used. [36]

To identify the different materials a powder diffraction database exists to determine dif-
ferent diffraction patterns. The International Centre for Diffraction Data (ICDD) is a non-
profitable organization that publishes the Powder Diffraction File which contains about
60000 different patterns. [35]

2.4.5 Chemisorption

Chemical adsorption (chemisorption) is an important analytical tool for evaluation of cat-
alysts. Chemisorption takes place when gas molecules are being adsorbed and bound onto
a solid surface. The gas molecules are called the adsorptive when it is not bound to any-
thing, and adsorbate while it is bound to the solid surface. The solid surface is called the
adsorbent. Chemisorption is that a chemical bond consisting of electrons shared between
the adsorbate and the adsorbent forms on a surface. The powerful strength of the chem-
ical bond makes chemisorption very difficult to reverse. Chemisorption can only occur
between certain adsorptive and adsorbent species, and only if the surface is cleaned of pre-
viously adsorbed molecules. As long as the adsorptive can make contact with the surface,
chemisorption can proceed. The adsorption isotherm is the relationship between quantity
of molecules adsorbed and the pressure at a constant temperature. The chemisorption
isotherm evaluates the surface only at areas that are capable of forming a chemical bond
with the gas molecules. Important characteristics measurable are metal dispersion of the
catalyst and the crystallite size.

The percentage of metal dispersion is the available quantity of active molecules divided
by the total number of active molecules times 100%.

N,
M% = —-100% (34)
Nr

where Ny is the number of surface atoms calculated from
Ny = F - Ny, (35 )

F; is the stoichiometry factor and N,, is the number of adsorptive molecules.
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The crystallite size of the particles are calculated based on the geometrical shape of the
catalyst, usually a sphere. From this chosen geometry the diameter of a grain molecule
can be determined by area and volume. The actual volume of the active metal is unknown,
but molecular density is known. The volume can then be expressed as area times density.
The average diameter of the active metal grains can then be calculated by [37]

6
pmAm

D=

(36)

where D is the average diameter [m], p,, is the molecular density [g/m3], and A,, is the
area per unit mass of the metal [m2/ gl.

2.4.6 Temperature Programmed Reduction/Desorption (TPR/TPD)

To get information on the temperature needed for complete reduction of a catalyst, TPR
is commonly used today. A standard set up for TPR is shown in Figure 8. A typical
experiment for TPR is that a finite mass of the catalyst powder, 0.1-2.0 g, is placed on
quartz wool in a quartz tube. The tube is then locked in a furnace. The sample could be
pre-treated in O, gas to have a reference state of it before the experiment begins. Then the
oxygen is replaced with the Hp/Ar gas. The linear temperature begins when the detector
system has stabilized. A processor is controlling the temperature, normally with a heating
rate between 0.1 and 20° C/min. The gas is measured by a thermal conductivity detector
(TCD). To optimize the thermal conductivity difference between the reactant gas and the
carrier gas, a mixture of 5% H, in Argon (Ar) is used. Controllers are in place to ensure
stable flow of the gases. The gas flows through the sample and further through a cold
trap that condenses the produced water before it is measured in the TCD. For pre-treating
and purging purposes, additional gas lines are also installed in the system. A computer
is measuring and recording the H, consumption simultaneously as the temperature is
measured by the thermocouple connected with the sample. [36] [38]

Pre-treatment gas H
Thermo-
P > . c:uple
v
I « @ @
Cold trap ‘
v
TC D Purge

Sample

Reactor

A
A\
Purge
Furnace

Figure 8: Simplified schematic representation of the TPR/TPD instrument [36]
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The result of TPR is presented as a figure with temperature on the x-axis, and the detec-
tion signal for H, consumption on the y-axis. [39] The area under the curve in the graph
is the total hydrogen consumption, expressed as moles of H, consumed per mole of metal
atoms. TPR is a good method to get the reducibility of a metallic catalyst. [38]

Results from the TPR experiment are said to be representative if the assumption that the
mean hydrogen concentration between inlet and outlet is what drives the reaction forward
is fulfilled. Two achieve this, two criterias have to be checked: 1). for the point where we
have maximum hydrogen consumption, the amount of hydrogen consumed at this point
should not exceed 2/3 of the amount of hydrogen gas fed into the reactor, and 2). there
should be a minimum conversion of 10% at the maximum peak for hydrogen consump-
tion. From these criterias a sensitivity factor, K [s], has been defined to get range of when
we can get representative results. [39]

SO

K =
V.C°

(37)

where S°[pmol] is the initial amount of reducible species in the sample. V is the total
flow rate [cm?/s] and C° is the hydrogen concentration in the carrier gas [mol/cm?].
The range of K has to be between 55-140 s. For values below 55 s, the sensitivity of the
experiment becomes to low. If the values are above 140 s the amount of reducing gas is to
high, which will violate the assumption that there is a linear concentration profile. When
K is optimalized, a resolution parameter, P, can be determined when the influence of the
heat rate, f3, is taken into account. To ensure a good resolution for the experiment, P must
be less than 20. [19] [39] [40] [41]

P=B-K (38)

Temperature programmed desorption are used to determine the basicity at the surface of
the different catalysts, which measures the rate of desorption of adsorbed CO;, molecules
as a function of temperature. The procedure is to increase the temperature for the sample
while the desorption of the adsorbate is monitored. As for the TPR, the sample is placed
in a quartz tube inside a furnace, as shown in Figure 8. For TPD the standard method is
to increase the temperature with a constant heating rate between 0.5°C/s and 25°C/s. A
TPD profile can be used to get two different types of data. The area under the graph can
be used to determine the surface coverage. The graph gives peaks where the activation
energy for desorption are highest. The higher temperature for the peaks, the more difficult
it is to for desorption to occur. This is an indication of the strength of interaction between
the active sites on the surface of the catalyst and the adsorbates. [39]
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3 Experimental work

3.1 Catalyst preparation

The general equation for HTs is given from equation (39)

[M2+ M3+(0H)2]x+ [An_ ]x— (39)

1—x"x x/n

where x is the mole fraction of A3,

The Ni?t - Y>* - APT HT catalysts was prepared after the method of Bhattacharyya
et al (2000) [16], with some small modifications. YZt represents the divalent metals
used; Mg”* and Ca". In all catalysts, the AI>" was maintained at a molar percentage
x = 0.25, which gives a % molar ratio of 3:1. Two more catalysts were made by
adding different amounts of Rhodium (Rh) to the 20NiMgAl catalyst. The procedures for
the calculation of the total mass for the different catalysts are shown in Appendix A. The

denotation and metal content (wt %) of the different catalysts are displayed in Table 2

Table 2: Denotation and metal content (wt %) of the catalysts

Denotation Ni | Mg | Ca | Al | Rh
12NiCaAl 12 63 | 25
20NiCaAl 12 55125
12NiMgAl 12 | 63 25
20NiMgAl 20| 55 25
20NiMgAIRh(0.1) | 20 | 55 25 (0.1
20NiMgAIRh(0.5) | 20 | 55 251 0.5

All chemicals were purchased from Merck Millipore unless otherwise stated. The chem-
icals were used without any further treatment. The chemicals used are nickel(Il) nitrate
hexahydrate (Ni(NOs3),- 6H,0), magnesium nitrate hexahydrate (Mg(NO3),- 6H,0), cal-
cium nitrate tetrahydrate (Ca(NOj3),- 4H,0) [Alfa Aesar], aluminum nitrate nonahydrate
(AI(NO3);- 9H;0), rhodium(III) nitrate hydrate (Rh(III)(NO3)3- xH,O) [Sigma Aldrich],
sodium hydroxide (NaOH) [VMR], sodium carbonate (Na,CO3) and nitric acid (HNO3)
[VMR].

Ni(NO3)2- 6H20, Mg(NO3)2- 6H20 or Ca(NO3)2- 4H20 and Al(NO3)2- 9H20 was used
as metal precursors (cations). NapCO3 and NaOH acted as precipitants (anions).

For each prepared catalyst stoichiometric amounts of Na,CO3 and NaOH were dissolved
in 400 ml deionized water. The other solution with calculated stoichiometric amounts
of Ni(NO3)2' 6H20, Mg(NO3)2- 6H20 or Ca(NO3)2- 4H20, and Al(NOg)z- 9H20 were
dissolved in 400 ml deionized water. The precursor solution was added dropwise to the
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basic solution under continuous stirring at room temperature. When the addition was
completed, the gel-like mixture was adjusted to a pH between 9-10 with nitric acid, and

aged at 85° C under continuous N, purge and stirring for 18 hours, as presented in Figure
9.

Figure 9: Set-up of the aging process.

The cooled sample was suction-filtered, and washed with deionized water until the pH
was measured to be 7 by a pH-paper. Then it was dried at 90°C for 24 h.

The 12NiMgAl and 20NiMgAl catalysts were calcinated in flowing air at 600°C for 6
h, where the temperature was raised at a ramp up rate of 5°C/min. The 12NiCaAl and
20NiCaAl catalysts were calcined without air in a Nabertherm P330 furnace at 800°C for

6 h, with an increasing rate of 5°C/min. The setup for calcination is presented in Figure
10.
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Figure 10: Set-up of the calcination process

Rhodium was added from Rh(IIT)(NO3)3- xH,O to the 20NiMgAl catalyst by the incipient
wetness method (IW). About 2 ml of DI water was used in the process to dissolve the

rhodium salt. These samples were dried at 80°C overnight and calcined at 600°C for 6 h
with an increasing temperature rate of 5°C/min. A summary of the processes is presented

in Table 3.
Table 3: Summary of catalyst preparation processes
Catalyst pH Aging Drying Calcination
12NiCaAl 9.84 | 85°Cfor 18 h | 90°C for24 h | 800°C for 6 h
20NiCaAl 9.75 | 85°Cfor 18 h | 90°C for24 h | 800°C for 6 h
12NiMgAl 10.00 | 85°C for 18 h | 90°C for24 h | 600°C for 6 h
20NiMgAl 9.00 | 85°Cfor 18 h | 90°C for24h | 600°C for 6 h
20NiMgAIR(0.1) - - 80°C overnight | 600°C for 6 h
20NiMgAIRK(0.5) - - 80°C overnight | 600°C for 6 h
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3.2 Catalyst characterization

N, adsorption/desorption measurements were done in a Micromeretics TriStar 11 appara-
tus with Nj at 77 K. The samples were degassed in a Micromeretics VacPrep 061 Sample
Degas System at 180°C overnight to remove impurities. Specific surface area (SSA) was
calculated by using the BET method, while pore volume and pore size distribution was
calculated by the BJH method.

XRD measurements were performed in a Bruker-AXS (D8 Advanced) Microdiffractome-
ter with Cu Kot as the radiation source. The instrument has A = 1.5418 [A], voltage = 40
[kV] and current = 25 [mA]. The scanning procedure was set to 260 in the range of 5-90°,
with a ratio of 1°/min. The resulting peaks were compared with the Joint Committee on
Powder Diffraction Standards (JCPDS) database.

Temperature programmed reduction (TPR) and carbon dioxide temperature programmed
desorption (CO,-TPD) were performed in a Micromeretics Autochem II ASAP 2090 ap-
paratus with a thermal conductivity detector (TCD) to measure the H, consumption and
CO, adsorption. 0.1225 g of catalyst was used in the experiment to get the right result
in comparison to sensitivity and resolution factor. The calculations for this are shown in
Appendix B. The catalyst was inserted on top of quartz wool in a U-tube, and then locked
inside a furnace as it is shown in Figure 8.

Before the TPR experiment the catalyst was pretreated in helium (He) flow at 200°C,
then it was cooled down to 50°C. The experiment was then performed with a gas mixture
consisting of 10% hydrogen (H;) in Argon (Ar) at a flow rate of 50 ml/min. The tem-
perature was increased with a ramp rate of 10 °C/min from 50 to 950°C. The CO,-TPD
experiment was done when TPR was finished, so the same amount of sample was used
for this experiment as well. For TPD the sample was pretreated at 600 °C with helium,
with a temperature rate of 10°C/min, before cooled down to 80°C with a cooling rate
of 10°C/min also under helium flow. Then the sample was held at 80°C in a gas flow
consisting of 6% CO; in Ar for 1 h, before TPD was performed from 50-800°C with a
heating rate of 10°C/min in a He flow.

To measure the metallic surface area and metal dispersion of the catalysts, Hy-chemisorption
was performed in a Micromeretics ASAP 2020 Plus apparatus. For chemisorption the
sample was first reduced with flowing H, at 600°C for 4 hrs, with an increasing rate of
5°C/min. The sample was then cooled in N, flow down to 35°C, with a cooling rate of
10°C/min and held at this temperature for 1 h. The measurements were then performed
at 35°C with 20 measurement points in the range of 1 to 550 mmHg.
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Figure 11: DRM reaction schematic

The setup for the DRM reaction is shown in Figure 11 where the catalytic testing was
performed in a cylindrical fixed-bed reactor with an inner diameter of 11.81 mm at 1 bar.
A catalyst bed consisting of 50 mg of catalyst mixed with 500 mg of a-Al,O3 was placed
on top of a quartz wool plug, which was held in place with a catalyst tube supporter. To
control the temperature during the test, a type K Eurotherm thermocouple was installed
on the top of the catalyst bed. [42] The catalyst was first reduced in a 100 ml/min flow
of Hy/N, with 50/50 ratio at 600°C. The temperature ramp up rate was 5°C/min. When
the temperature reached 600°C, the gas flow was switched to 100 ml/min of N,. The
temperature continued to increase at 5°C/min in N, flow until it reached the reaction
temperature of 750°C. This flow and temperature was then held for 30 min, before the
gas flow was changed to 200 ml/min with a 50/50 percentage mix of CO; and CHy,

ml
8eat hr”
15 hrs. To measure the reactants and products after the reaction, an Agilent 7890B Gas

giving a gas hourly space velocity (GHSV) of 240000 The reaction was run for

Chromatograph (GC) System with two TCDs was used. The conversion of the products
and the ratio between H,/CO was calculated from the following equations

_ (FCH4)in _ (FCH4)OM

X, = -1 4
cHy o 00% (40)
(Fco,)™ — (Feo, )™
X, = : - 100% 41
o, (Feo, )" o (41)
H F out
B Fn)™ | o0q, (42)

Co  (Fco)™

where F represents the flow in ml/min at inlet and outlet of the reactor. [14]
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4 Results and discussion

4.1 X-ray diffraction

Figure 12 presents the XRD diffraction pattern for the as-prepared precursors before cal-

cination. To illustrate the peaks of the NiMgAIRh catalysts more clearly, this is presented
seperately in Figure 13.

+ —— 12NiCaAl
= 20NiCaAl
12NiMgAl
20NiMgAl
—— 20NiMgAIRh(0.1)
20NiMgAIRK(0.5
« ® + + + vig. (0.5)
M__J Li__——LA—A M .
P, VI S N
(003)

(006)
(009)

(015) (©018) (110)(113)

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50 55 60 65 70

26

Figure 12: XRD diffraction pattern of HT precursors. *: hydrotalcite, +: CaCO3, #:
MgO

——20NiMgAIRK(0.1)
4 ——20NiMgAIRh(0.5)
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Figure 13: XRD diffraction patterns of the as-prepared rhodium precursors. *:
hydrotalcite, #: MgO

The XRD patterns for NiMgAl precursors show the diffraction pattern that confirms the
formation of HTs, with peaks at (003), (006), (009), (015), (018), (110) and (113). The
XRD pattern for the NiMgAIRh catalysts show there are some diffraction peaks of HT
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structure, indicating that the memory effect has taken place. However, there are also
peaks for the MgO phase. The XRD pattern for the NiCaAl precursors show peaks of
CaCOs, and only small peaks that correspond to HT structure. This could be because
CaCOs is strongly insolvable, and the ionic size of Ca>* (0.100 nm) is fairly large com-
pared to Mgt (0.072 nm). [9] [18]

Figure 14 presents the XRD profiles for the calcined catalysts. For the calcined NiM-
gAl catalysts show it is obvious that the layered structure of HT has been destroyed, and
MgO-NiO solids or MgAl,04/NiAl;O4 spinel have been formed. When Ni-Mg-Al ions
are used to prepare HTs by co-precipitation, the similar size of these ions leads to that
Ni2* and AI** can be isomorphically substituded by Mg?*. Aluminum is then part of the
crystalline structure of the solid HT precursor from substitution with the Mg?* ions, and
therefore there are no diffraction peaks for Al,O3. [22] The XRD pattern for the calcined
NiMgAIRh catalysts show that the hydrotalcite structure has been destroyed, and what
remains are only the peaks for MgO phase and MgAl,O4 / NiAl,O4 spinels. The XRD
pattern for calcined NiCaAl catalysts presents clear diffraction peaks for CaO and NiO.

= 20NiMgAIRK(0.1) —20NiMgAIRK(0.5) 12NiMgAl
20NiMgAl — 12NiCaAl 20NiCaAl
#

— N— A=
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Figure 14: XRD diffraction patterns of calcined catalysts. #: MgO, -: MgAl,O4 /
NiAlOy4, o: Ca0, A: NiO

4.2 N, Physisorption

The N, adsorption/desorption isotherms for the precursor and calcined catalysts are pre-
sented in Figures 15 and 18. The pore size distribution for the precursor and calcined
catalysts are presented in Figures 16 and 19. To get a clearer view of the pore size distri-
bution of the precursor and calcined NiCaAl catalysts, these are presented apart from the
other catalysts in Figures 17 and 20.
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Figure 15: Nitrogen adsorption/desorption isotherms for the precursors

The NiMgAl and NiMgAIRh precursors have a type IV isotherm that indicates they have
mesoporous pore structure. The NiCaAl precursor catalysts seem to have type Il isotherm,
indicating that these two have a macroporous pore structure. The NiMgAl catalysts and
20NiMgAIRK(0.5) catalyst all seem to have H2(b) hysteresis curve, indicating that the
pores of the catalyst can have a non-uniform size or shape. The 20NiMgAIRh(0.1) cat-
alysts also resembles a H2(b) hysteresis curve that could have a larger neck width. The
12NiCaAl catalyst show a hysteresis curve that could be of type H3 hysteresis, while
20NiCaAl show a clear type H4 hysteresis curve, suggesting it could consist of solids
made up by slit shaped pores, like plates or cubes.

Table 4: Summary of N, Physisorption for the HT precursors

Catalyst | Surface Area [m?/ g] | Pore Volume [cm?/ g] | Pore Size [nm]
12NiMgAl 153 0.41 7.2
20NiMgAl 132 0.33 5.9
12NiCaAl 129 0.23 6.1
20NiCaAl 89 0.12 4.6

Table 4 summarises the surface area, pore volume and pore size of the HT precursors.
For the NiMgAl catalysts, the surface area, pore volume and pore size decreases with
increasing precentage in Ni content. This is also the case for the NiCaAl catalysts, which
however had much smaller surface areas and pore volumes.

The results for NiMgAIRh catalysts before and after calcination are presented together
with the calcined 20NiMgAl catalyst in Table 5 to show how the addition of rhodium
affects this catalyst.
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Table 5: NiMgAIRh catalysts (precursors and calcined) compared with calcined

20NiMgAl catalyst
Catalyst Surface Area [mz/g] Pore Volume [cm?/ g] | Pore Size [nm]
20NiMgAl 205 0.59 8.9
20NiMgAIRh(0.1) 213 0.37 5.2
20NiMgAIRN(0.5) 234 0.29 44
20NiMgAIRh(0.1) calc. 202 0.48 5.9
20NiMgAIRK(0.5) calc. 218 0.45 5.2

One can observe that increased addition of rhodium increases the surface area of the
20NiMgAl catalyst, while pore volume and pore size decreases with increasing rhodium
added. The reduction in pore size and pore volume of the 20NiMgAl catalyst indicates
that the added rhodium are filling the pore space in the 20NiMgAl catalyst. When the
NiMgAIRh catalysts are calcined the surface area is decreasing slightly as the layers from
the memory effect is destroyed as shown in Figure 14. The pore volume and pore size
also increased after calcination. The pore volume are now very equal with 0.48 and 0.45
cm?’/g for the 20NiMgAIRh(0.1) and NiMgAIRh(0.5), respectively.
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Figure 16: Pore size distribution for the precursors
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Figure 17: Pore size distribution for the NiCaAl precursors

From Figures 16 and 17 one can observe that the NiMgAIRh catalysts show peaks for pore
size distribution at around 4 nm. 12NiMgAl show a pore size distribution between 6-10
nm, with a peak around 9 nm. Figure 17 show a peak at around 4 nm for the 20NiCaAl
catalyst. 12NiCaAl also shows a peak at around 4 nm, but also broad peaks between 8-11

nm.
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Figure 18: Nitrogen adsorption/desorption isotherms for calcined catalysts

After calcination it looks like all of the calcined catalysts have type IV isotherm curve that
indicates they have a mesoporous pore structure. The NiMgAl catalysts appear to have
type H2(b) hysteresis form. NiCaAl and NiMgAIRh catalysts show a different type of
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H2 hysteresis indicating that the particles have a different structure than for the NiMgAl

catalysts.
Table 6: Summary of N, Physisorption for the calcined catalysts
Catalyst Surface Area [mz/g] Pore Volume [cm3/g] Pore Size [nm]
12NiMgAl 268 0.73 8.8
20NiMgAl 205 0.59 8.9
12NiCaAl 58 0.21 10.5
20NiCaAl 61 0.17 7.0
20NiMgAIRK(0.1) 202 0.48 5.9
20NiMgAIRK(0.5) 218 0.45 5.2

The N, physisorption for the calcined catalysts are presented in Table 6. It shows that
the 12 and 20NiMgAl catalysts have a very high surface area of 268 and 205 m?/g, re-
spectively. An interesting observation is that the average pore sizes are almost identical:
8.8 and 8.9 nm. However, the pore volume for 12NiMgAl catalyst are much larger than
for 20NiMgAl. The NiCaAl catalysts show very close values for surface area: 58 m?/g
for 12NiCaAl and 61m?/g for 20NiCaAl catalyst. The pore volume are also very close
to each other with 0.21 and 0.17 cm?/g for 12NiCaAl and 20NiCaAl, respectively. How-
ever, there are a large difference in pore size with 10.5 nm for 12NiCaAl, and 7.0 nm
for the 20NiCaAl catalyst. It is interesting to see that the surface area for the calcined
20NiMgAIRh(0.1) catalyst are lower than the calcined 20NiMgAl, while the surface area
for 20NiMgAIRh(0.5) are slightly higher. Both of the NiMgAIRh catalysts have smaller
pore size and pore volume than the 20NiMgAl catalyst.
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Figure 19: Pore size distribution for calcined catalysts

From Figure 19 the average pore size distribution show a peak around 10 nm and 11 nm
for the 12NiMgAl and 20NiMgAl catalysts, respectively. The pore size distribution for
12NiCaAl from Figure 20 show a peak value at around 7 nm, while the 20NiCaAl catalyst
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seems to have wide pore size distribution, with a peak at around 14 nm. Pore size distribu-
tion for 20NiMgAIRK(0.5) catalyst show a peak at around 5 nm. The 20NiMgAIRh(0.1)
catalyst show a peak at around 4.5 nm, but also some peaks between 7-9 nm.
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Figure 20: Pore size distribution for calcined NiCaAl catalysts

From the summary of the BET experiment given in Tables 2, 3 and 4, it is observed that for
the NiMgAl catalysts there is an increase in surface area, which are one of the improved
properties from the calcination of HT. Pore volume and pore size are also increased. For
the NiCaAl catalysts the surface area and pore volume decreases. Since the XRD diffrac-
tion patterns presented peaks of CaCO3 and only weak peaks of HTs, this could suggest
that the improved properties for calcined HTs does not go into effect for the NiCaAl cat-
alysts. However, the pore size of these catalysts gets a large increase after calcination.
The low surface area and large pore size could lead to greater carbon deposition for the
NiCaAl catalysts. When Rh is added to the 20NiMgAl catalyst the surface area increases,
while the pore volume and pore size decreases. The surface area increases more on the
0.5 Rh then the 0.1 Rh catalyst, suggesting that increasing wt% of Rh added increases the
surface area. The pore volume and pore size decreases with increasing wt% Rh added.
The surface area decreases a little after calcination for the NiMgAIRh catalysts, while
the pore volume and pore size is increasing. Like the NiCaAl catalysts, the precursored
NiMgAIRh catalysts had some diffraction peaks that could be from HT. It would seem
that the NiMgAIRh catalysts preserves the properties from calcined HTs better than the
NiCaAl catalysts.

43 TPR

The TPR behavior shows the reduction temperature of the catalysts, and the degree of
metal to support interaction [43], which are represented in Figure 21. The 12NiCaAl
catalyst have peaks at 514°C and 755°C, and the 20NiCaAl catalyst have peaks at 530°C
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and 740°C. The peak at the lower temperature are from the reduction of NiO interacting
with CaO. The reduction peaks observed at the higher temperatures indicates stronger

metal-support interaction between NiO and Al;Os3. [9]
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20NiMgAIRK(0.1)
20NiMgAIR(0.5)
—— 12NiMgAl
20NiMgAl

TCD Signal (a.u.)

N

200 300 400 500 600 700 800 900

Temperature (C)

Figure 21: TPR of the catalysts

The TPR profile for the NiMgAl and NiMgAIRh catalysts are very similar, where the
two Rh catalysts show small peaks at 323 and 295°C for the NiMgAIRh(0.1) and NiM-
gAIRN(0.5) catalysts. The high reduction temperatures at 831°C and 798°C for 12NiM-
gAl and 20NiMgAl, and 814°C for both of the NiMgAIRh catalysts, suggests reduction
of Ni** in the solid NiO-MgO solution. The 20NiMgAl catalyst has a peak at lower
temperature suggesting that the binding of Ni particles become weaker when the nickel
content is higher. [14] [44]

The XRD profile and reduction peaks from TPR for NiMgAl and NiMgAIRh catalysts
suggest reduction of metallic Ni in the solid NiO-MgO solution, which corresponds with
the XRD diffraction patterns for these catalysts. [22]

44 TPD

Temperature programmed desorption are used to determine the basicity at the surface of
the different catalysts. It measures the rate of desorption of adsorbed CO, molecules as
a function of temperature. [39] It is believed that CO, adsorption on the weaker basic
sites are desorbed at lower temperatures, while CO, adsorption on the stronger basic sites
are desorbed at higher temperatures. The peak range between 400 and 500°C can be
described as medium to strong basic sites for the NiCaAl catalysts. [9] The largest peak
are at 462°C for 12NiCaAl, and 459°C for the 20NiCaAl catalyst. The 12NiMgAl and
20NiMgAl catalysts have desorption peaks at 292°C and Mg: 313°C, respectively. For the
12NiMgAL Rh(0.1) and NiMgAIRh(0.5) catalysts, the desorption peaks occur at 299°C
and 307°C. As the desorption peaks are in the range of 292-313°C, it suggests that these
catalysts desorb CO, at weak basic sites. The peaks for the NiCaAl catalysts are higher
because CaO adsorbs CO; stronger than MgO for the NiMgAl and NiMgAIRh catalysts.
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Figure 22: TPD of the catalysts

4.5 H)-chemisorption

The results from H, chemisorption is presented in Table 7. For the NiMgAl and NiCaAl
catalysts, higher Ni loading gives higher metal surface area, as would be expected. The
calculated dispersion also increases with increased Ni loading, which is explained by
that HT derived catalysts do not necessary decrease dispersion by increased loading, as
demonstrated by previous study. [42] Addition of 0.1 wt% Rh to the 20NiMgAl catalyst
decreases the metal surface area and gives lower dispersion, while the size of the Ni
crystals is increasing. The addition of 0.5 wt% of Rh to the 20NiMgAl catalysts increases
the metal surface area and dispersion, while the size of the Ni crystals now has decreased

slightly.
Table 7: Results from H; chemisorption of the catalysts
Catalyst Metal surface area (m?/g.,) | Dispersion (%) | Ni crystallite size (nm)
12NiMgAl 2.85 3.56 28.4
20NiMgAl 6.19 4.65 21.8
12NiCaAl 1.42 1.78 57.0
20NiCaAl 3.78 4.74 214
20NiMgAIRK(0.1) 5.28 3.95 25.6
20NiMgAIRK(0.5) 6.40 4.73 21.5

4.6 DRM reaction

The catalysts were tested at same conditions for the DRM reaction to find out which
catalyst would give the best performance according to activity, selectivity and stability.
The reactions were run at 750°C and 1 bar for 15 hrs, and at 200 ml/min of a CH4/CO»
feed with molar ratio of 1:1, which gives a GHSV of 240000 gc’fﬁ. Figure 23, 24 and 25
show the CH4 conversion, CO; conversion, and H/CO ratio, respectively.
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Figure 25: H,/CO ratio for DRM reaction at 750°C and 1 bar

The initial and final CH4 and CO, conversion, as well as initial H,/CO ratio over 15 h
TOS are summarized in Table 8. The CH4 and CO, deactivation from the DRM reaction
are represented in Table 9.

Table 8: Results from the DRM reaction

Catalyst cHi- | cHi™ | coiit- | cof™ | Hyco
12NiCaAl 458 | 381 | 576 | 507 | 0.74
20NiCaAl 492 | 442 | 599 | 573 | 077
12NiMgAl 645 | 569 | 763 | 693 | 0.82
20NiMgAl 679 | 546 | 782 | 666 | 0.84
20NiMgAIRh(0.1) | 492 | 502 | 625 | 629 | 0.74
20NiMgAIRh(0.5) | 50.8 | 455 | 604 | 575 | 0.75

Table 9: CH4 and CO, deactivation from the DRM reaction

Catalyst CHy deactivation (%) | CO, deactivation (%)
12NiCaAl 16.8 12.1
20NiCaAl 10.0 4.3
12NiMgAl 11.8 9.2
20NiMgAl 19.6 14.8

20NiMgAIRh(0.1) - -
20NiMgAIRK(0.5) 10.5 49

CHy and CO; deactivation are calculated as

F?nit' B Ffinal
Deactivation (%) = ———,—-100% (43)
J
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where F represents flow in ml/min at initial and final stages of TOS for DRM reaction. j
is CH4 and CO;.

Figure 23 and Table 8 show that the NiMgAl catalysts have the highest initial activity,
however after a slight increase they deactivate quite rapidly. The 12NiMgAl catalyst
show a tendency to become more stable after 12 hrs TOS. The NiCaAl catalysts do not
deactivate so rapidly as the NiMgAl catalysts. This is because CaO adsorbs CO, better
than MgO, which gasifies deposited carbon. The NiMgAIRh catalysts are the most stable
catalysts for CH4 and CO; conversion, due to the addition of Rh. The 20NiMgAl and
12NiCaAl catalysts have the highest CH4 deactivation with 19.6 and 16.8 %, and highest
CO, deactivation with 14.8 and 12.1 %, respectively. It is interesting to see that the results
from Table 8 show that the 20NiCaAl catalyst are very close to the 20NiMgAIRh(0.5) cat-
alyst. From Table 9 it can observed that 20NiCaAl have lower CH4 and CO; deactivation
than 20NiMgAIRI(0.5). However, Figure 23 show that the NiMgAIRh(0.5) catalyst have
a more stable CH,4 conversion for ongoing TOS. The 20NiMgAIRh(0.1) catalyst increases
CHy and CO; conversion and is stable for 15 hrs TOS.

The CO;, conversion follows the trend of the CHy4 conversion, but have higher values
due to the reverse water-gas shift (RWGS) reaction. As for CH4 conversion, the NiMgAl
catalysts have the highest CO, conversion followed by the NiMgAIRh catalysts, and the
NiCaAl have the lowest CO; conversion. The 20NiMgAIRh(0.1) have the most stable
CO; conversion.

All of the catalysts have a Hy/CO ratio below 1 which can be explained by the RWGS.
Figure 25 shows that the NiMgAIRh catalysts have a stable H,/CO ratio, while the NiM-
gAl and NiCaAl catalysts have a slowly decreasing H,/CO ratio.
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4.7 XRD pattern of the catalysts after DRM reaction

Figure 26 presents the XRD diffraction pattern for the spent catalysts, with the different
phases present.
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Figure 26: XRD diffraction pattern of spent catalysts after DRM reaction. +: Ni, *:
CaCOs, #: MgO, o: MgAl>,O4 / NiAlyOy, ¥: graphite

The diffraction patterns indicates that there have been deposited carbon on the catalysts
as graphite. For NiCaAl catalysts CaCO3; and some metallic nickel have been formed.
There are also peaks that could be from NiAl,O4 spinel. The NiMgAl and NiMgAIRh
catalysts show diffraction peaks of MgO, Ni and MgAl,0,4 / NiAl,O4 spinels. There are

diffraction peaks at around 7-8° in the diffraction pattern for the spent catalysts, at this
stage we are not able to origin of the peak.
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5 Conclusion

Four different catalysts were prepared by the co-precipitation method. Two NiCaAl and
two NiMgAl catalysts with 12 and 20 wt% Ni, respectively. All of the catalysts contained
25 mole % of Al. Two additional catalysts were prepared by adding Rh to the 20NiMgAl
catalyst. This created new layers in the catalyst due to the memory effect of HTs. The
catalysts was run for DRM reaction to observe the activity and stability of the catalysts. It
was discovered that the two NiMgAl catalysts had the highest activity, but also the most
rapid deactivation suggesting coke deposition on these catalysts. The NiCaAl catalysts
had the lowest activity, but had a stable activity over TOS. The ability that CaO adsorbs
CO, better than MgO is why the NiCaAl catalysts are more stable than the NIMgAl cata-
lysts. The results for the 20NiCaAl catalyst was similar to the 20NiMgAIRh(0.5) catalyst,
but the 20NiMgAIRh(0.5) catalyst was more stable due to that Rh is a noble metal less
prone to deactivation. The NiMgAIRh(0.1) catalyst was the most stable catalyst for the
DRM reaction.

For future experiments it would be interesting to run tests with a longer TOS and ob-
serve how the catalysts will perform. Will the Mg catalysts stabilize, or will they decrease
to be below the conversion for the Rh catalysts, and what will happen to the stability of
the NiMgAIRh(0.1) catalyst? Also run tests with different composition of feed gas and
different temperatures to observe how this affect the catalysts and the results of the DRM
reaction.
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A Calculations used in the thesis

A.1 Summary of precursor calculation

To calculate the stoiciometric amounts of cations and anions needed for co-precipitation
of the catalysts, the following equations where used. In the example a = Ni, b = Mg, ¢ =
Aland d =Ca

M3+ c
' Mt MET M3 atbtc “44)
From (44)

a+b+c=1 and ¢c=0.25= (45)
a+b=075=a=0.75-b (46)

For Mg with 12 wt% Ni

M .

W% = bl =0.12 47)

aMy; +bMygo + 5May,0,

Inserting equation (44) and (46) into (47) and solve for b gives a final equation for how
much of moles initially needed to get the right stoichiometric relationships for the solu-
tions. (the intermediate calculation steps are not shown here).

‘ —0.66My;+0.015My, 0,
For 0.12 Mg catalyst: | b = —0.88My; —0.12Myr,0

. 70.6MN,'+0.025MA1203
For 0.2 Mg catalyst: |b = —0.8Myi—02Myr0

[ —0.66Myi+0.015My0,
For 0.12 Ca catalyst: |d = —0.88My—0 12Mcog

|, —0.6My;i40.025Mpy, 0,
For 0.2 Ca catalyst: |d = —0SMy—02Mcg

The initial moles for the cations and anions needed for calculation of mass for each of the
different salts are presented in Tables 10 and 11

Table 10: Initial moles for mass calculation for Mg catalysts

a b c
wt% | Ni?* | Mg?* | APT | CO3™ | OH™
0.12 [ 0.091 | 0.659 | 0.25 | 0.125 | 2
0.2 | 0.156 | 0.594 | 0.25 | 0.125 | 2
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Table 11: Initial moles for mass calculation for Ca catalysts

a d c
wt% | Ni>* | Ca** | AP | CO3™ | OH™
0.12 | 0.113 | 0.637 | 025 [ 0.125 | 2
02 | 0.188 | 0.562 | 0.25 | 0.125 | 2

The total volume of the combined solution of cations and anions was set to contain 0.8
L. To get good precipitation, the concentration of the total M>* and M3 was set to 0.5
M (mol/liter) The volume of the first solution was 0.4 L, giving a total amount of 0.2
moles for each component in this solution. To avoid pillaring in the catalyst, the content
of Na;CO3 has an excess value of moles equal to 0.4. This gives the moles needed for
mass calculation of the Mg and Ca catalysts, presented in Tables 12 and 13

Table 12: Moles for mass calculation of Mg catalysts

a b c
wt% | Ni?* | Mg?* | APT | CO3™ | OH™
0.12 [ 0.018 | 0.132 | 0.05 | 0.05 | 04
02 | 0.031 | 0.119 | 0.05 | 0.05 | 04

Table 13: Moles for mass calculation of Ca catalysts

a d C
wt% | NiZ* | Ca?* | AP | CO3™ | OH™
0.12 [ 0.023 [ 0.127 | 0.05 | 0.05 | 04
0.2 | 0.038 | 0.112 | 0.05 | 0.05 | 04

Tables 14 and 15 represents the mass of the salts used in the co-precipitation of the pre-
cursors

Table 14: Mass of the salts used for co-precipitation of Mg catalysts

| Ni(NO3),- 6 H,0 | Mg(NO3)2- 6 H,0 | AI(NO3)3- 9 Ho0 | Nap(CO); | NaOH

molar mass 290.81 256.41 375.13 105.99 40
mass (0.12) 5.3105 33.7792 18.7565 5.2995 16
mass (0.2) 9.0873 30.4491 18.7565 5.2995 16

Table 15: Mass of the salts used for co-precipitation of Ca catalysts

| Ni(NO3),- 6 H0 | Ca(NO3)- 4 H>0 | AINO3)3- 9 H>O | Nap(CO); | NaOH

molar mass 290.81 236.15 375.13 105.99 40
mass (0.12) 6.5524 30.1017 18.7565 5.2995 16
mass (0.2) 10.9599 26.5226 18.7565 5.2995 16
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A.2 Addition of rhodium to 20NiMgAl catalyst

The wt% of rhodium that are calculated as

Mpgp

—_— =Xx=
MRy ~+ Meqt

mpp = X- [mRh + mcal] =

mpp(1 —x) =x-megr =

XM,
mgp = 1_3‘;1

(48)

(49)

(50)

61y

which gives the final equation for mass of rhodium, where x is wt % and m,, is the

amount of mass of the 0.2 Mg catalyst.

To find the required mass of the rhodium-salt for the experiment, another equation is

needed

Mgy, Mgy,

MRh—salt MRhfsalt

M: molecular weight
m: mass weight

We need to find the mass of the Rh-salt. From equation (52)

MRh—salt

MRh—salt = MRK*
Mgy,

Mpgh—sair = 288.92 g/mol and Mg, = 102.91 g/mol
The summary of the different constants used are displayed in Table 16

Table 16: Summary of IW method for the prepared Rh catalysts

Catalyst ‘ wt% Rh ‘ Meqr (g) ‘ mgy, (g) ‘ MRp—salt (g)

NiMgAIRh(0.1) 0.1 27931 | 0.0028 0.0078
NiMgAIRK(0.5) 0.5 2.6745 | 0.0134 0.0377
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B Calculation of mass for TPR experiment based on the

sensitivity and resolution factor

To get good results for the TPR experiment, the sensitivity factor, K, and resolution factor,
P, must be within a certain range. This is determined from the the equations

SO
K=oe (54)
P=B-K (55)

where 55 < K < 140 and P < 20.

S°[umol] is the initial amount of reducible species in the sample. V is the total flow
rate [cm>/s] and C° is the hydrogen concentration in the carrier gas [mol/cm?]. B is the
heat rate used in the experiment.

To find the amount of reducible species in the sample, we need the moles of the cations
used for mass calculation and the molar mass of the oxides. This is presented in Tables
17 and 18

Table 17: Moles of cations for the Mg catalysts

a b c
wt% | Ni*t | Mg?t | AP
0.12 | 0.018 | 0.132 | 0.05

0.2 10.031 | 0.119 | 0.05

Table 18: Moles of cations for the Ca catalysts

a d C
wt% | Ni*t | Ca?t | AP
0.12 | 0.023 | 0.127 | 0.05
0.2 |0.038 | 0.112 | 0.05

The molar mass of the oxides are presented in Table 19

Table 19: Molar mass of oxides

Symbol | M (g/mol)
MgO 40.31
CaO 56.08

AL O3 101.96
NiO 74.69

46



To calculate the reducible amount (ttmol/g) we need the mmol/g calcined catalyst. The
example presented in equation (56) is the calculation for the two NiMgAl catalysts.

ClMN,' -1000

(56)
aMy; +bMygo + 5May, 0,

This value is then multiplied with the mass of the sample to get the value for the reducible
amount tmol for the sample

For TPR we have set the heating rate to 10°C/min = 0.167°C/s. H, flow (V) is 50 cm?/min
= (.83 cm?/s, and Hy-concentration is 10%. The standard volume for 1 mole of ideal gas
is 22414 c¢cm?3, so we have 4.4615-10~> mol/cm?, which is 44.615 ,umol/cm3. Since the
concentration of H, is 10%, we get the value for C° to be 4.4615 umol/cm?.

Table 20 show that we get good ranges for K and P for all the catalysts when about
0.1225 g of sample is being used in TPR.

Table 20: Summary of calculations for K and P

Mass of mmol/g reducible
Catalyst | sample used (g) | calcined | amount (umol) K P
0.12 Mg 0.1226 1.98 242.73 65.29 | 10.88
0.2 Mg 0.1225 3.23 395.86 106.47 | 17.75
0.12 Ca 0.1225 1.98 242.53 65.23 | 10.87
0.2Ca 0.1227 3.23 396.51 106.65 | 17.77
0.1 Rh 0.1229 1.98 243.33 65.45 | 1091
0.5Rh 0.1222 3.23 394.89 106.21 | 17.70
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