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AN ABSTRACT OF THE THESIS OF

Ghadeer Alkhansa  for Master of Engineering

Major: Chemical Engineering

Title: Liquid Phase Sulfur Passivation of Nickel Catalyst for Dry Reforming of Methane

Dry reforming of methane (DRM) utilizes the two most abundant greenhouse
gases: carbon dioxide (COz) and methane (CH4) to produce a useful syngas mixture of
carbon monoxide (CO) and hydrogen (Hz). DRM operates at high temperatures (>700°C).
Thus, the traditional Ni-based catalyst used for the reforming reaction is subjected to
deactivation due to coke formation and especially due to the formation of carbon
whiskers. These whiskers will grow in the pores of the catalyst pellets leading to their
destruction. It was shown that sulfur passivation of the catalyst during the reaction, by
introducing small amounts of hydrogen sulfide gas (H2S), blocks carbon formation while
allowing the reforming reaction to take place. In an attempt to improve the currently
proposed gas phase sulfur passivation process, sulfur was introduced as liquid phase
during the synthesis of the catalyst to eliminate the use of gaseous H>S in coating the
catalyst. Partially covered nickel catalysts with different sulfur concentrations were tested
in the reformer. Characterization of fresh and spent catalysts were done by XRD, TGA,
BET and SEM analysis. A compromise on CH4 and CO; conversions of 21% and 27%
respectively with 80% loss in carbon formed on the catalyst surface resulted from a sulfur
concentration of 80 ppm (12% coverage). The carbon deposited was in the form of
undeveloped whiskers called “octopus carbon”.

Keywords: Dry reforming, Nickel catalyst, coke formation, sulfur passivation,
liquid/solid adsorption.
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CHAPTER 1

INTRODUCTION

With the rise of the economic and technological development in societies,
energy demand has been increasing significantly to provide basic living conditions.
Fossil fuel, which is the most abundant energy source, has a considerable influence on
the environment since burning it leads to the emission of carbon dioxide (CO;) and
other greenhouse gases (GHG) [1, 2]. Hydrogen, on the other hand, appears to be a
viable, eco-friendly alternative energy source [3, 4]. It is produced from synthesis gas
(syngas) that is manufactured through processes called “Reforming”.

Dry reforming of methane (DRM), represented by reaction (1), is one of the
routes considering the production of syngas by utilizing the most two abundant
greenhouse gases CO; and methane (CH4) [2, 4, 5]. The syngas produced, a mixture of
carbon monoxide (CO) and hydrogen, has a Ho/CO ratio of unity which makes it a key
intermediate in the chemical industry. The syngas can be used in synthesis of
oxygenated chemicals, specially ammonia and methanol, synthetic fuels, and in

Fischer—Tropsch process [6, 7].

247k]
mol

CH,+ CO, - 2C0 + 2H, (AH = + 27 (rxn-1)

Transition Metal based catalyst (i.e. nickel (Ni1)) is used in the reforming
reaction. Being a highly endothermic reaction, high temperature is required for the
DRM reaction to take place (>700°C)[2] , which puts the catalyst in risk of being

destroyed due to the formation of whisker carbon [8].



SPARG (Sulfur PAssivated ReforminG) process is currently used as a
commercial process that utilizes DRM preventing coke formation [9]. It is based on the
findings of Rostrup-Nielsen [10] who described that coke formation needs an ensemble
of nickel atoms larger than that required for the reforming reaction to take place.
Hydrogen sulfide gas (H2S) is introduced in the reformer and sulfur chemisorbs on the
surface Ni and blocks some active sites [10]. Sulfur coverage of 70% of the Ni surface
area is proven to inhibit carbon formation allowing on the other hand the reforming
reaction to take place [10, 11].

However, the presence of HS in the gas feed creates a substantial risk of
corrosion and requires more expensive materials of construction. H>S adsorbs strongly
on metallic tubes [12]. Moreover, H2S should be introduced throughout the reaction so
that any slight change in its partial pressure will affect the coverage significantly. This
will reflect negatively on the conversion and yield and requires precise process control.

In an attempt to improve the currently proposed process, it is desirable to
eliminate the use of gaseous HaS to coat the catalyst. Therefore, sulfur was introduced
in the liquid phase during the synthesis of the catalyst and tested directly in the reformer
in a sulfur-free feed gas. The catalyst was synthesized using a sol-gel method since the
xerogel catalyst displayed high surface area, high porosity and small distribution of
particle size leading to a very high activity [13]. They also showed high coke resistance
compared to those prepared by other methods [14]. Since the liquid phase adsorption of
sulfur on nickel and alumina is poorly studied, an adsorption isotherm for the system
was developed, from which relevant data about sulfur coverage was obtained. Then the
catalysts with different sulfur coverages were tested in a reformer and characterized

before and after reaction.



CHAPTER II

LITERATURE REVIEW

A. Nickel Based Catalyst

For the past decades, chemical engineers have been trying to develop a highly
stable and active catalyst for DRM by using different types of active materials and
supports, and by trying different synthesis methods [2].

Transition metals of groups 8,9, and 10 of the periodic table are the best
candidates for DRM catalyst. Although noble metals, such as Pt, Ru, and Rh, create a
highly active and stable catalyst material, they are economically infeasible. On the
other hand, Ni-based catalyst, which is also highly reactive, is much cheaper and more
available which makes it the most frequently reported material for DRM catalyst [2, 4,
15, 16].

Metal oxides are used as supports for the Ni catalyst. Aluminum oxide (Al>O3)
is one of the commonly used supports since it provides a highly active surface area,
high thermal stability, and is relatively cheap [15]. Magnesium oxide (MgO) is often
added to the support to enhance the resistance to coke formation in DRM, owing to its
basic property [17, 18]. Studies showed that a proper mixing of MgO and Al,O3
matrices for Ni- catalyst gives a more active and highly stable catalyst than using each
support alone. A typical loading of 8-10% Ni and 10-15%MgO gave optimal results

[14, 18, 19].



B. Catalyst Deactivation
Unlike noble metals, Ni-based catalyst deactivate easily at high temperatures
and in the presence of hydrocarbons due to coke formation, metal sintering, and sulfur

poisoning [20].

1. Coke Formation
Two main side reactions are known to be responsible for carbon formation in
DRM: decomposition of CH4 (reaction 2) and disproportionation of CO, known as

Boudouard reaction, (reaction 3) [5, 9, 21-24].

CH, - C + 2H, (AH = +75 L (rxn-2)
2C0 > C + CO, (AH = —172% (rxn-3)

The coke may grow on the nickel catalyst in various forms depending on the
specific conditions of the reaction taking place. Each form has a unique characteristic
and effect on the catalyst [9]. At elevated temperatures, the carbon deposits formed
during these reactions dissolve in the metal particle and nucleate at the rear metal-
support interface to form whiskers or fibers under the small Ni particles .Having a high
mechanical strength, those carbon whiskers lead to the breakdown of the catalyst
particles/pellets and the blockage of the reformer tube [8, 10]. Catalyst regeneration is
not an option in this case [25].

Particle size plays a crucial role in carbon nucleation. A minimal size of Ni-
crystallites of 7 nm is needed for the formation of whisker carbon. So small Ni particles
are less prone to carbon formation [26]. Hence it is essential when manufacturing a

catalyst to achieve high dispersion of the active phase.



2. Metal Sintering

Sintering is the coalescence of small particles into larger particles leading to
the loss of catalytic surface area and support area. During sintering the crystallites grow
in size which reduces the available metal atoms for reaction and the pores of the support
collapse, trapping crystallites of the active phase in the pores [25, 27]. Thus, sintering
affects both activity and stability of the catalyst.

Many parameters affect the rate of sintering such as: reaction temperatures, the
atmosphere over the catalyst, and the metal support type. Sintering takes place at high
temperatures and its rate accelerates exponentially with increasing temperature [28].
The rate of sintering is also enhanced with presence of water vapor [29]. In DRM, it is
essential to work at high temperatures. Although the atmosphere is dryer than in steam
reforming, the production of steam (H>0O) by the reverse water-gas shift side reaction
(RWGS) (reaction 4) cannot be avoided, and therefore the risk of sintering is significant

[30].

CO; + Hy - CO + H,0 (AH = 4 20K ) (rxn-4)

mol

the only way to minimize sintering is therefore by ensuring a strong metal-support
interaction. The addition of MgO to the support during the Ni catalyst preparation leads
to the formation of spinel NiO-MgO. This mixed oxide phase results in increasing

metal-support interaction, thus reduces catalyst deactivation via sintering [2, 31].

3. Sulfur Poisoning
Sulfur is a common poison for nickel in reforming processes. It adsorbs
strongly on nickel leading to its deactivation [20]. Therefore, desulfurization of the feed

gas should always take place before the gas is introduced to the reformer.



Desulfurization is a two-step process where the sulfur-containing compounds are
hydrogenated to form hydrogen sulfide, which is then adsorbed on zinc oxide (ZnO)

[32].

C. Sulfur passivation
Developing a coke resistant nickel catalyst has been a challenge. Different
approaches have been considered. An interesting approach, proposed by Rostrup-

Nielsen, is the sulfur passivation of surface Ni to inhibit coke deposition [23].

1. The Concept

Sulfur, a known catalyst poison, chemisorbs on nickel to form well-defined
two dimensional surface sulfides that forms very strong bonds with surface nickel
compared to the bond between surface and bulk nickel [33]. One sulfur atom can
quench around two neighboring nickel atoms [10].

Rostrup-Nielsen [10] studied the effect of partial sulfur passivation of surface
nickel on DRM by introducing a small amount of H»S gas in the reformer feed. He
showed that there exists threshold sulfur coverage of 70 % at which carbon formation is
minimized and the catalyst activity is acceptable. Below this coverage, carbon
formation is not inhibited, and the catalyst activity slightly reduces. In contrast, above
the threshold, the catalyst activity drops significantly [10]. This is because sulfur
inhibits the dissociation of carbon monoxide (the Boudouard reaction) [23, 34] that
requires an ensemble of four simultaneous Ni atoms to take place [35-38]. This
ensemble is larger than that required for the reforming reaction (3 atoms) [10, 39].

However, amorphous carbon structures are still formed and a new form of whisker



carbon, called octopus carbon, could also be produced [10]. These forms of carbon are
less destructive, although they cause a loss of activity. However, the catalyst can be
regenerated. The basis of the ensemble size control was first found in the work of
Alstrup et al. on sulfur adsorption on nickel. They developed an expression for sulfur

coverage, represented by equation (1)

0 =1.45—9.53%1075.T 4+ 4.17 * 1075.T.In (52 (1)

PH,

where 8 is the sulfur fractional coverage, T is the temperature in degree K, and PH,s and

PH, are the partial pressures of H2S and Ha respectively [39].

2. SPARG Process

On the basis of the promising results of sulfur passivation, the scale-up from
fundamental studies to pilot testing led to the introduction of the SPARG process to
industry [40]. The sulfur passivated reforming process(SPARG) , developed by Haldor
Topsoe [41] , was first commercialized at Sterling's Texas City plant in 1987 [42] for
steam reforming of methane (SRM). In SPARG, The amount of H»S in the feed stream
is controlled to block the carbon nucleation sites of the catalyst by chemisorbing on the
step sites of the Ni particles [7, 41].

Building on the success of the first industrial plant, SPARG was used for
DRM. Starting with desulfurization of the natural gas (NG), followed by a pre-reformer
for the removal of high hydrocarbons to avoid cracking on sulfur passivated catalyst, a
CO2/NG feed ratio of 2.5 enters the reformer with a H>S/H> ratio <0.9 ( to avoid the
formation of bulk nickel sulfide) [43]. Carbon free-operation was established during 4
years of continuous operation on one batch of catalyst [42] to produce a CO-rich syngas
that could be used in the synthesis of the acetic acid, dimethyl ether, and for the direct

reduction of iron [41].



CHAPTER III

EXPERIMANTAL PROCEDURE

A. Materials

Nickel (IT) nitrate hexahydrate (> 97%), Magnesium ethoxide (98%), and
Aluminum-tri-sec-butoxide (ATB) (97%), provided by Sigma-Aldrich, were used as
catalyst precursors. Sec- butanol (> 99%), provided by Sigma-Aldrich, was used as
solvent so that gelation occurred in the absence of added water [44]. Acetic Acid (AA)
(100%) and nitric acid (65%), provided by VWR, were used as chelating and
hydrolyzing agents respectively. Lithium sulfide (99.98%), provided by Sigma-Aldrich,

was used as a sulfur source since it is highly soluble in water.

B. Catalyst Preparation

Preparation of 8 wt.% Ni/10 wt%MgO-Al,Os catalyst was prepared using sol-
gel method to ensure a high surface area, a high porosity, a small distribution of particle
size, and a high catalytic activity [13, 14, 45]. ATB was dissolved in sec-butanol, so that
the concentration is 1M, for 30 min. at 70°C. Magnesium ethoxide was then added and
mixed for 30 min. at the same temperature. Acetic acid was added so that the molar
ratio of AA to ATB was 1:1 to get a transparent sol [44]. After 30 min., nitric acid
(65%) was added dropwise at 60°C until pH=3 and mixed for two hours. Finally, the
nickel precursor was added and left to mix for another 30 min.; a green gel was formed.

The gel was aged in a Teflon-lined autoclave at 110°C for 43 hours. The sample was



then filtered, washed with deionized water, and dried at 80°C for 30 hours before being

calcined in air at 650°C for 5 hours.

C. Catalyst Characterization
1. X-ray diffraction (XRD) analysis

A Bruker D8 Advance diffractometer, equipped with a Cu-Ka irradiation
source, was used for XRD measurements. Phase identifications were carried out by
comparing the collected spectra with spectra in the database. The particle size diameter

was estimated using the classical Scherrer equation (equation 2).

_ K+*A
- B*cos (o)

(2)
where d is the crystallite diameter (nm), A is the wavelength of the x-ray (1 =
0.15406 nm ), o is the Bragg angle, K is Scherrer constant and its related to the

crystallite shape (K is between 0.8 and 1.39), and f is the full width at half maximum

(FWHM) in radiance [46].

2. Nitrogen Adsorption Analysis

A micromeritics Gemini VII instrument was used to measure the BET surface
area, BJH pore volume, and BJH pore size of the fresh catalyst by nitrogen adsorption-
desorption at 77K. Prior to analysis, the sample was degassed at 120°C for 5 hours then

immersed in liquid N> to cool to 77K.

3. Thermogravimetric analysis (TGA)
TGA analysis of the spent and fresh catalysts were performed on a TA Q500

instrument. Samples were heated at 15 °C/min until 900°C in No.



4. SEM Analysis

Scanning Electron Microscope (SEM MIRA 3 LMU Tescan, Czech Republic)
was used to visualize the whiskers formed. Samples of spent catalysts were coated with
gold using Q150 T Turbo - Pumped Sputter Coater (Quorum Technologies). The
samples were then placed into the SEM sample holder. The working distance between
the lenses and the sample is 10 mm to 16 mm, with an acceleration voltage of 20 kV

and using an in-beam detector at a magnification range from 20K to 50K.

D. Liquid Phase Sulfur Passivation

Different concentrations of sulfide solutions were prepared by dissolving
lithium sulfide in sodium hydroxide solution with a pH>13 to avoid formation of H>S
fumes [47]. For each concentration, 3 ml of solution was in contact with 30-40 mg
catalyst at 50°C for 45min [48]. Then, solid-liquid separation was done by
centrifugation. To calculate the amount of sulfur adsorbed, the concentration of sulfur in
the solution before and after contact with the catalyst was determined based on
Spectrophotometric Methylene Blue Method (USEPA Method 8131) where sulfide
reacts with two reagents containing ferric chloride, and N, N-dimethyl-p-
phenylenediamine to form methylene blue. A measurement wavelength of 665 nm for
spectrophotometers measures the intensity of the blue color which is proportional to the
sulfide concentration [49]. A HACH DR6000 spectrophotometer, with the installed
software Sulfide 690, was used for this purpose. The sulfur uptake on the nickel catalyst

was then calculated using equation 3.

[S1i=[$}
q==—" (3)

Mcat
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where q is the sulfur uptake on nickel surface (ppm S/ mg catalyst), [S]i and [S]r are the
concentrations of sulfur in Li>S solution before and after adsorption respectively (ppm)

(their difference is concentration of S adsorbed) and mca is the mass of catalyst (mg).

E. DRM Reaction

Activity test was carried out in a4 mm ID quartz tube inside a horizontal
tubular furnace, under atmospheric pressure, in which 10-15mg catalyst is packed
supported by inert quartz wool plugs. Prior to the reaction, the catalysts were reduced in
situ at 700°C for 30 min in flowing mixture of 20%H2/N> with a flow rate of 10ml/min.
Methane and CO» were then fed in equimolar amounts to the tube using Brooks 4800
Series flow controllers. The reaction took place at 800°C with a total flow rate of
8ml/min. Product gases were analyzed using an Agilent 7820 gas chromatograph (GC)
installed in-line with a 6-port gas sampling valve using a thermal conductivity detector
and a Porapak Q porous polymer column. Argon was used as carrier gas at a flow rate
of 20 ml/min. Elution was performed at a constant temperature of 50 °C. A new
measurement was taken every 5 min. for short run experiments, and every 15 min. for
long run experiments. The methane conversion (X¢y, ), CO2 conversion( X, ), Ha yield

(Yy,), and CO yield (Y¢o) where determined by the following formulas:

— CHyin=CHapye

Xcu, = e 100 4)
Xco, = %:ZZM* 100 (5)
Yy, = ”Z%Pfut «100 (6)
Y, = Lin=Cout 4 1 (7)

in
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CHAPTER IV

RESULTS AND DISCUSION

A. Adsorption Isotherm

The study of chemisorption of sulfur on Ni catalyst has been of interest since
sulfur is a main poison during reforming[34, 50-52]. Adsorption is described through
isotherms that reflects amount of adsorbate taken up by the adsorbent at a constant
temperature [53]. There are different equations proposed to describe quantitatively the
isotherms e.g. Langmuir model. The main assumptions in this model are a constant
adsorption energy over all sites, a localized adsorption on the surface, and a monolayer
adsorption [54].

Researchers have been studying the gas-solid adsorption of H2S (g) on nickel
since the 1960°s [10, 39, 42, 52, 55, 56]; however, no records of liquid-solid adsorption
isotherm of sulfide on nickel have been found.

To do an adsorption isotherm, the sulfur uptake at different sulfur
concentrations was calculated by dividing the amount of sulfur adsorbed on the catalyst
by the mass of the catalyst. Since the type of adsorption between sulfur and Ni is
chemisorption[33], a monolayer of sulfur atoms adsorb on Ni surface [57]; accordingly,
the data of the uptake versus sulfur concentration was fitted to Langmuir’s model,

represented by equation 8, using the curve fitting toolbox on Matlab.

— Qmax*K+[S]

4=k ®)

where q and qmax are the uptake and maximum uptake respectively (ppm S/mg cat.), [S]

is the concentration of sulfur in lithium sulfide added (ppm), and K is the Langmuir

12



constant (ppm™'). A maximum uptake of 6 ppm/mg catalyst and a Langmuir constant of
0.002 ppm’! were obtained with a 0.947 coefficient of determination (R?).

The surface coverage 0 was calculated using equation 9 and plotted versus
sulfur concentration to obtain an adsorption isotherm of sulfur on the Ni based catalyst

at 50°C represented by figure 1.

8 =——%100 9)

Amax

estimated coverage (%)

X actual coverage %

Coverage (%)

0 500 1000 1500 2000 2500 3000

Sulfur concentration (ppm)

Figure 1- Adsorption Isotherm at 50 °C showing the sulfur coverage on nickel surface as
a function of sulfide concentration added

A goodness of fit of 0.947 indicates that Langmuir model is a suitable fit. As
for the inaccuracy, it might be due to the experimental errors that arose from using a
high dilution factor (above 500 times) specially at high sulfur concentrations as the
spectrophotometer reads a maximum of 800 ug/L. A few uL of the sulfide solution
must be diluted in 10 ml water, which makes this operation very sensitive to human

€Iror.

13



Besides, Rostrup-Nielsen showed that on average, 0.54 sulfur atoms adsorb per
nickel atom which corresponds to a maximum sulfur uptake of 440 ppm S per m?/g of
nickel [52]. From table (BET), the surface area of the prepared catalyst with no sulfur
(So) is 200 m?/g, and since the catalyst contain 8% Ni, the Ni surface area can be
assumed to be 16 m?/g. According to the adsorption isotherm derived in equations 8 and
9, 440 ppm S per m?/g corresponds to approximately 94% coverage, which shows a

relatively small deviation from the results of Rostrup-Nielsen.

B. Characterization of Fresh Catalysts

1. X-ray Diffraction (XRD) Analysis

NiO A
OA o NiAl,0;O
A AlLO, =
o SAO Mg-Ni
O L
Jl j . i . L M_I P - .
0 20 40 Lo 60 80 100

Figure 2- XRD patterns for 8 wt% Ni-10 wt%MgO-Al>0s fresh catalyst

XRD patterns for the fresh catalyst Ni-MgO-Al>O; before reduction are shown
in figure 2. Peaks can be observed at 20 values of 45.28° and 65.84° which correspond

to the (1 1 1) and (2 2 0) planes of NiO [58]. NiAl,O3 peaks overlap with NiO peaks and

14



can be shown at 20 value of 15.22°. The formation of this spinel indicates high
interaction of nickel and alumina lattice which can suppress carbon deposition and
metal sintering during the reforming reaction [59].

Particle size also plays a crucial role in carbon nucleation. A minimal size of
Ni- crystallites of 5 nm is needed for the formation of whisker carbon [26]. Using
Scherrer equation, and assuming the crystalline is spherical, by taking K to be 0.96 [60],
the Ni- crystallites average size is around 5.5 nm. This shows the crystalline has

potential for carbon inhibition.

2. N:Adsorption Results
The nitrogen adsorption results, of five fresh catalyst samples with different

sulfur concentrations, are shown in tablel. The samples name S; corresponds to the

3t
1

amount of sulfur added, i.e. “i” is the concentration of sulfur in ppm.

Table 1- BET surface areas, pore volumes, and pore sizes of fresh catalysts with
different sulfur concentrations
Sample name = BET surface area (m%/g) = Pore volume (cm®/g) | Pore size (nm)

So 200 0.463 6.743
Ss00 212 0.463 6.255
So00 232 0.482 6.453
S1400 262 0.529 5.573
S2000 283 0.574 5.575
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The BET surface area, BJH pore volume, and BJH pore size of So200.013

m?/g, 0.463 cm?/g, 6.743 nm respectively. As the sulfur content increased, the surface
area and pore volume increased, and the pore size decreased to reach 282.745 m?/g,
0.574 cm?/g and 5.575 nm respectively for sulfur content of 2000 ppm. The increase in
surface area with increase is sulfur concentration is somehow linear. An average of 20
m?/g increase in area is associated with around 500 ppm increase in sulfur content. This
shows that the BET surface area corresponds to the whole catalyst area and not just to
the active site. As for the change in pore size and pore volume, can be explained by
modifications in the support structure, which might be due the formation of surface
sulfate and sulfite compounds that block the pores [61], or due to the formation of bulk

sulfide (Ni3S»).

C. Catalyst Activity

The effect of sulfur content on the feed conversion after 3-hour reaction is
illustrated in figure 3. The CH4 and CO; conversions of the catalyst without sulfur were
56 % and 63% respectively. As sulfur concentration increased, both conversions
dropped due to the coverage of the active sites with sulfur. CO> conversion was slightly
higher until 300 ppm (corresponding to 42% coverage), at which the CH4 conversion
became higher. Conversion continued to decrease until 1100 ppm (corresponding to
70% coverage) where beyond that, conversion remained constant as the sulfur content
increased to 2000 ppm, with CH4 and CO» conversions around 2.5 % and 0.0 %

respectively.
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Figure 3- Methane and CO- conversion for catalysts with different sulfur concentration
after 3h reaction and GHSV=48,000 ml/gca/h.

The conversion of CO; was slightly higher than that of CHa, at low sulfur
concentrations, which is attributed to the simultaneous occurrence of the RWGS
reaction (reaction 4) [62, 63]. On the other hand, the high conversion of methane
relative to COy, at high sulfur coverages, can be explained by two theories.

The first theory is the occurrence of the Boudouard reaction (reaction 3) that
lead to the production of CO2[57], thus explaining the lower conversion of CO> [64].
Studies have shown that there is a competition for sites between the Boudouard reaction
and the RWGS reaction, and that the RWGS reaction proceeds much faster [65]. This
is why it is dominating at low sulfur coverages. However, at high coverages where the
surface area decreased, the Boudouard reaction became more dominant. A possible
explanation to this might be that the Boudouard reaction needs less area than RWGS to
take place. Further studies are required to fully elaborate this observation.

The second theory is the modification in the structure of the support, especially
at high concentrations. Results obtained from XRD and Transmission electron

microscopy (TEM) characterization by Silvaiah et al. [66] confirmed that CO»

conversion depends on the support, whereas CH4 conversion is sensitive to nickel
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particles size. The Nz adsorption results in table 1 clearly shows that there is a
significant change in pore volume and pore size at high sulfur concentrations, thus
affecting the CO: conversion. XRD analysis should be performed on fresh sulfur

passivated catalysts to study the effect of sulfur on Ni particle size.
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Figure 4- H2/CO ratio for catalysts with different sulfur concentrations after 3h reaction
and GHSV=48,000 ml/gcat/h.

The effect of these two theories, at high sulfur concentrations, can also be seen
in figure 4 that illustrates the H»/CO ratio after 3 hours reaction of catalysts with
different sulfur concentrations. Below 1100 ppm, the Ho/CO ratio was less than unity
proving the occurrence of the RWGS [67]. Above this concentration, Ho/CO ratio
became more than one indicating that either CO is being consumed by the Boudouard
reaction, or CO; activity is being inhibited yielding to low CO production [66].

Long run experiments (>20 hrs.) for six catalysts with different sulfur
concentrations was done to see the effect of sulfur with time. Figure (X) shows the

results of methane conversion (a), CO; conversion (b), H» yield (¢), and CO yield (d).

18



~

o
(e}
o

—3S0 —3S0

60 —520 < 70 —520
9 X
< 5 ——8120 =60 ——8120
S 40 $220 2 50 $220
[ —
3 S1100 9 40 51100
£ 30 ——51300 5 ——S1300
o o 30
3 ——S1600
= O 20
> o

10 \\& 10 \

0 0 -

40 45

35 —50 40 —50

20 —S20 _ 35 —3S20
= 25 ——$120 < 30 —— 5120
< $220 = o5 $220
=] —_
< 20 sS1100  © $1100
2 S, 20
> ——S1300 ——S1300
N 15 o 15
T ——s1600 O ——S1600

10 10

5 ___ 5 7\

——————

0 0
c d
© "o 10 time (h) 20 30 @0 10 time (h) 20 30

Figure 5- (a) CH4 conversion, (b) CO2 conversion, (¢) Hz yield, and (d) CO yield of
catalysts with different sulfur concentrations as a function of time.

At low sulfur concentrations of 20 ppm, 120 ppm, and 220 ppm, methane and
CO; conversions decreased as time passed due to the formation of carbon that blocked
the active sites for the reforming reaction [68]. In equivalent, the increase in CO yield as
time passes suggests that RGWS reaction is proceeding.

At high sulfur concentrations of (>1100 ppm), the conversions increased with
time after 5 hrs. The increase in COx conversion with time associated with slight
decrease in CO yield showed that at high sulfur coverages, the Boudouard reaction was

dominating and lead to production of CO.. As time passed, the C produced blocked the
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available some active sites leading to inhibition of the Boudouard reaction; thus, CO»
conversion increased again. As for the very low methane conversion with the significant
H: yield might be due to production of methane by methanation reaction 5.
CO+3H, » CH, + H,0 5)
It is thus the combination of both reactions the Boudouard, predominantly, and
the methanation, to some extent, that resulted in a Ho/CO ratio higher than unity for

high sulfur concentrations [66].

D. Characterization of Spent Catalysts

1. TGA Analysis
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Figure 6- TGA results of spent catalyst with different sulfur concentrations (a) weight
loss as function of temperature (b) coke formed as function of sulfur concentration
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Figure 6 shows the TGA results of spent catalysts with different sulfur
concentration. Graph in figure 6-a represents the loss in catalyst weight percent as
function of increasing temperature. For all samples, the initial weight loss up to 300 °C
can be assigned to the thermal desorption of water and volatile species, such as CO2
and CO [68]. As for the decrease of weight from 400 to 900 °C it was due to
decomposition of the coke on the surface of catalysts [69, 70].

The amount of coke produced on the surface of each catalyst was estimated by

equation 10

T

g (Ml—MZ)
coke amount <g“‘t/h) = 100 - (10)

where M1 represents the weight percent of spent catalyst after desorption of water, M2
represents the weight percent of coked catalyst after burning off the coke [69], and 7 is
run time of the catalyst in the reformer. The coke amounts produced at different sulfur
concentrations are presented in figure 6-b.

For the catalyst with no sulfur content, the amount of coke that was present on
the nickel surface was 0.0183g/gca/h. This amount dropped by 80% to 0.0036g/gca/h.
for only 40 ppm sulfur concentration. At this concentration, the conversion of methane
and CO; dropped by only by 43% and 46% respectively from conversions
corresponding to zero sulfur content. This reflects the fact that the ensemble for the
reforming reaction is smaller than that required for nucleation of the carbon [71]. As the
sulfur concentration increased, the coke deposited decreased till it became almost zero

for 1500 ppm and above. This is due to the decrease in the reforming rate.
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2. SEM results

Figure 7 represents the SEM images for spent catalyst with different sulfur
concentrations. Carbon whiskers are clearly seen in figure 7-a which is the spent
catalyst with no sulfur content. For spent catalyst with 80 ppm sulfur (12 % coverage),
very few numbers of whiskers are seen indicating that the carbon nucleation was
minimized. Those whiskers has less developed structure and they are called “octopus
carbon” which are several whiskers growing from one nickel crystal as a result of

methane decomposition over passivated sulfur [72]. Rostrup-Nielsen observed octopus

carbon as well with sulfur coverages above 66% [10].

Figure 7- SEM Images of Spent Catalyst (a) So, (b) Sso, (¢) Sis0, and (d) Sis00
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No whisker carbon was seen on spent catalysts with higher sulfur contents of
160 ppm and 1500 ppm, represented in figures 7-c and 7-d respectively, indicating that
carbon nucleation was inhibited for 23% sulfur coverage and above. This coverage is

equivalent to 70% coverage with H,S [10].

E. Choosing the Best Catalyst
The best sulfur coverage corresponds to the catalyst with high conversion and
low coke formation. Figure 8 represents both methane conversion and amount of coke

formed on sulfur passivated catalysts at different sulfur concentrations.
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Figure 8- Methane conversion and coke formed as a function of sulfur concentration

For a sulfur concentration of 40 ppm, the conversion decreased by about 43 %
while coke formation decreased by 80% compared to the conversion and coke
formation when no sulfur was added. As sulfur concentration increased, the conversion
decreased rapidly while coke formation decreased slowly. At the sulfur concentration of
1500 ppm and above, both conversion and coke formation lost around 95% of their

initial values corresponding to the catalyst with no sulfur added. So, the effect of
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increasing sulfur concentration was significant on decreasing the methane conversion
but not as effective on coke formation.

Therefore, low sulfur concentrations, less than 80 ppm, are more convenient.
SEM pictures for 80 ppm (figure 7-b) showed less developed whiskers that are not
harmful for the catalyst. Therefore, the optimum sulfur concentration is 80 ppm which
corresponds to 12 % coverage. This value is much less than that found by Rostrup-

Nielsen which was 70 % coverage with H>S [10].
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CHAPTER V

CONCLUSION

In this work, a new method to dope a catalyst with sulfur in liquid phase
without the use of toxic H>S was proposed. Liquid phase sulfur adsorption isotherm on
nickel catalyst was explained by Langmuir’s model. The addition of sulfur on the
catalyst affected the morphology by changing the surface area and porosity and caused a
drop in the catalyst activity.

RWGS reaction co-existed with the DRM reaction at low sulfur concentrations
(<300 ppm). However, at higher sulfur concentrations, two possibilities were proposed:
the inhibition of RWGS reaction allowing the Boudouard reaction to take place, or the
decrease in CO> conversion as a result of change in the morphology of the support.
Further research should be done to clarify this.

As for the carbon formation, it was more drastically reduced in the presence of
sulfur compared to reduction in activity. The stability on the other hand was not greatly
affected by increased sulfur content.

Finally, a sulfur concentration of 80 ppm, corresponding to 12 % coverage,
was found to be optimal. Although the at activity was low, there was 80 % drop in
carbon formation and the carbon formed was in the form of undeveloped whiskers.
Below this coverage, whiskers were still formed, and above this coverage, the activity
was severely reduced. The optimal coverage deduced in this work does not correspond
to the optimal coverage obtained from gas-phase results in literature.

Further work should be done to understand more the effect of high sulfur
concentrations on the kinetics and mechanism of the reaction. Moreover, the liquid

phase sulfur passivated catalyst could be tested under SPARG conditions, i.e. by
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introducing steam to the DRM process hopping to get higher conversions and better

results.
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