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Abstract: We have studied the effect of ball milling on alumina mixed nickel, magnetite
and Raney nickel on the reaction: 2NaOH(s) + CO (g) = NayCOs (s) + Hy (g) and
determined the optimum particle size for the catalysts. The best performance was shown by
a 2 h ball milled Raney nickel with average crystallite size of 209 A. This reaction serves
the dual purpose of carbon sequestration and yielding hydrogen gas.
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1. Introduction

Sodium hydroxide (NaOH) has been used as a reactant to facilitate various reactions yielding
hydrogen (H). Its inclusion in the reaction brings many advantages such as lowered operating
temperature and reduced consumption of heat. We have earlier studied the interaction of NaOH with
methane (CHy), carbon monoxide (CO) and carbon(C) [1,2]. Recently, Reichman et al. [3] have also
suggested a similar approach named ovonic renewable hydrogen (ORH). This method uses NaOH for
the reformation of organic matter to produce H,. Kamo et al. [4] pyrolyzed dehydrochlorinated
polyvinyl chloride (PVC) and activated carbon with NaOH and steam to generate H, and sodium
carbonate (Na,COs). This process has CHy, ethane (C,Hs) and carbon dioxide (CO;) as byproducts in
minor percent. Onwudili and William [5] performed the hydrothermal gasification of glucose and other
biomass to produce H,. NaOH was used as a promoter in this case.
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The necessity to sequester carbon emission during the production of H, is the main goal of this
work. Once this problem is solved, various technologies are already in existence which can use H; as a
fuel-carrier in many applications. Other than using alternate energies for electrolysis of water or the
biological methods, no techniques are available to produce carbon emission free H, from fossil fuels.
Many researchers worldwide have realized the need to produce H, without any CO, emission [1,6—14].
Carbon monoxide (CO) is a toxic gas emitted by power plants and blast furnaces with a severe impact
on global warming. Generally, water-gas shift reaction uses steam to lock CO and produces CO, and
H,. A vast emission of anthropogenic gas (CO,) is a major drawback of the water-gas shift reaction.
We propose to solve this problem of carbon emission using a hydroxide as a reactant with CO gas [2].
One should note that the present scheme serves the dual purpose of CO capture and H; production.

2NaOH (s) + CO (g) — Na,COx(s) +H, (2) AH=—119 kJ (600 °C) (1)

However, if NaOH is to be produced for carbonation, the method proposed here cannot be regarded
as carbon-emission free because NaOH itself is produced from electrolysis of brine, which is very
energy intensive process. Instead, if we use NaOH that is a byproduct from existing chlor-alkali plants,
we can produce Na,CO; and H; gas using reaction (1). Na,COs is a valuable byproduct and has many
applications in chemical industries. Apart from the fact that the production of NaOH is an energy
intensive process, there is also an imbalance between the global H, demand and NaOH production;
hence reaction (1) cannot be seen as a global solution for H, gas. However, reaction (1) will be
certainly helpful in mitigating the vast emission of greenhouse gases during production of H,.The
purpose of present work is to study the effect of catalysis on the carbonation of the hydroxide. It is
highly desirable to lower the reaction time or even the operating temperature of exothermic reaction (1).
Thus, we have examined several catalysts to accelerate reaction (1).

Nickel is a low cost, highly active and widely employed catalyst for industrial application [15-19]. Raney
nickel catalysts possess high catalytic activity due to its highly porous microstructure and high surface area.
It is extensively used in various industrial processes and also in organic synthesis process [20,21].Fe;O4
(magnetite) acts as a catalyst for water gas shift reaction (CO (g) + H,O (g) <> CO; (g) +Ha (g),
AH =—41.1kJ/mol) [22,23].

Previous results [24-26] show strong effect of the catalyst’s geometric factor, electronic factor and
surface imperfections. Beeck [27] correlated the catalytic activity to the lattice parameter of the contact
surface. The electronic factors are dependent on the extent to which d-band of the crystal filled up by
the electrons [28,29]. The effect of the imperfections is due to the surface imperfections (e.g., kinks,
screw dislocations) which can also behave as catalytically active sites [30]. Therefore, it is important
to investigate the possible relation between the catalyst grain size and the reaction rate.

In this work, different sized catalysts were prepared by mechanical milling. Mechanical milling is
one of the common methods for milling powder materials to obtain uniform distribution of
composition [31]. It is quite often employed due to its simplicity, low cost, and ability to form a large
number of different materials [32]. During milling, powder particles experience intensive deformation
which leads to various crystal defects such as lattice strains, dislocations, vacancies and morphological
changes [31,33]. Here, we have studied the changes in catalysts powder morphology, average particle
size and crystallite size with milling time. We also examined the relation between kinetics of reaction (1)
and morphological and structural changes in the catalysts.
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2. Experimental Study
2.1. Catalyst Preparation

The catalysts used in this work are alumina (Al,O3) mixed nickel, magnetite and Raney nickel.
Nickel Powder (-100 mesh), Raney nickel (-325 mesh) and alumina were delivered by Sigma Aldrich,
Acros Organics and Good Fellow respectively. The various sizes of these catalysts were obtained
using planetary Retsch PM100 ball mill. The cylindrical ball milling container has internal diameter of
1.6" and internal length of 1.6". The powder to ball weight ratio was 1/54. Magnetite was ball milled
for 1 and 2 h. Al,O3; mixed nickel was prepared in 2:1 ratio by weight. Then, this mixture was ground
for 1 or 2 or 4 h. For Raney nickel, milling time was 2 and 4 h. The same revolution speed (250 rpm)
was maintained for grinding all the catalyst particles.

2.2. Catalyst Characterization

X-ray diffraction patterns for different catalysts were obtained using Bruker GADDS/D8 X-ray
system with Apex Smart CCD Detector and Mo direct-drive rotating anode (50 kV; 20mA). The
surface morphology of the catalyst was studied using JEOL JSM-5910-LV and JEOL JSM-6330F
scanning electron microscope.

Image J software was used to determine the average particle size of catalysts. A total of nearly
50 particles of each catalyst were taken into consideration from 3—4 SEM images.

2.3. Reaction Study

Anhydrous NaOH with a purity of 98% was supplied by Sigma Aldrich. About 0.10 g of NaOH was
dissolved using 1 mL of distilled water in an alumina boat. Then, the catalyst (3 wt.% of NaOH) was
mixed with the solution. After that, the alumina boat was placed at the hot spot position in an alumina
tubular furnace (18.5" long and 0.7" in diameter). The detailed experimental set up is explained
elsewhere [1].

Nitrogen (N,) gas was allowed to flow at the rate of 50 mL/min until the required temperature was
achieved. After that, N, flow was ceased and CO was passed through the reaction chamber at the rate
of 20 mL/min.

The reaction (1) was studied at several temperatures using various sizes of the different catalysts.
The extent of the reaction (1) was evaluated by calculating the amount of Na,CO3 formed. The method
used is the titration of mixture of formed soda ash and un-reacted NaOH against 0.1009 N volumetric
standard solution of nitric acid (Aldrich). The equivalents can be detected by using acid-base
indicators; here phenolphthalein and methyl orange were the indicators. NaHCO3 does not form in the
reaction but it does during titration:

Na,CO; + HNO; — NaHCO5+ NaNO; )

and then

NaHCO;+ HNO; — NaNO;+CO,+H,0 (3)
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3. Results and Discussion
3.1. Characterization of Catalysts
3.1.1. Catalysts Crystallite Size

Catalyst crystallite size was determined by broadening of diffraction peaks using Scherrer’s equation:
D = 0.9V — Bo)cosd )

where, A = wavelength of X-ray radiation (Mo K, = 0.7093171 A), B = breadth at half maximum
intensity of a diffraction peak; Py = instrumental broadening of diffraction peaks; 6 = Bragg angle.

Instrumental diffraction peak broadening was determined by measuring X-ray diffraction
standard LaBg.

Crystallite size represents the size of coherently diffracting domain and it cannot be always
considered as particle size because of the presence of polycrystalline aggregates.

The powder X-ray diffraction pattern for Al,O3; mixed nickel catalysts (2:1 wt.%) (Figure 1a) shows
the presence of alumina and nickel peaks. Few initial peaks of Al,O3; disappeared as prolonged ball
milling was carried out leading to the amorphorization of Al,O3. No oxidation of nickel was observed
throughout the ball milling time. The calculated crystallite sizes for alumina mixed nickel ball milled
for 1,2 and 4 h are 184, 158 and 150 A respectively.

X-ray diffraction pattern for Fe;O4 catalyst ball milled for different times are shown in Figure 1b.
As the crystallite sizes decreased due to prolonged ball milling, diffraction peaks shift towards the low
angle direction and peak widths increase. The crystallite size of coarser magnetite (in micron)
decreased to 181 and 169 A for 1 and 2 h ball milling time respectively.

Figure 1c depicts the X-ray diffraction pattern for variously ball milled Raney nickel. Peak width
broadening can be observed for prolonged ball milling time. The crystallite sizes for raw, 2 and 4 h
ball milled Raney nickel are 413, 209 and 190 A respectively. Table 1 summarizes the crystallite sizes
of all the variously ball milled catalysts.

During the prolonged milling time, the energy produced by ball milling drastically reduces the grain
sizes and thus increases the lattice strain. It is a fact that the milling may cause several modifications
such as vacancies [34]; atomic site interchanges [32] and dislocations [25]. Raney nickel is composed
mainly of single element nickel and hence nullifies the effect of any atomic site interchanges for
different ball milling time. Other modifications could be the formation of vacancies and dislocations in
the unit cells of the catalysts powder particles. The developed lattice strain caused by mechanical
milling is attributed to plastic deformation which is the generation and movement of dislocations [35,36].
According to Fecht [37], the generation and movement of dislocations could decrease grain size. High
lattice strain implies to a high density of dislocation formation and which contributes to a reduction in
grain size. If the grain size of catalysts particle decreases slowly that means there is a relatively less
formation and movement of dislocations. Here, for both 2 h ball milled alumina mixed nickel and 2 h
ball milled Raney nickel, there is a relatively higher % reduction in crystallite sizes. This suggests that
the mechanical milling caused a severe plastic deformation to these catalysts
powder particles.
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Table 1. Crystallite size of variously ball milled catalysts.
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Ball milling time Al,O; Mixed nickel Magnetite Raney nickel
(h) A) (A) A)
0 - Micron size 413
1 184 181 -
2 158 169 209
4 150 - 190

Figure 1. XRD Pattern for variously ball milled (a) Al,Os: Ni (b) magnetite (¢) Raney nickel.
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3.1.2. Morphology and Particle Size Analysis

Scanning electron microscope (SEM) was used to determine the surface morphology of the
catalysts. Al,Os; mixed nickel ball milled for 2 h, shown in (Figure 2a), exhibits sponge- like
morphology and consists of many small particles. The average particle sizes are 3.24, 3.26 and
2.80 um for the milling time of 1, 2 and 4 h, respectively.

Figure 2b shows the surface morphology for variously ball milled magnetite catalyst particles.

Coarse magnetite has relatively larger average particle size. The average particle sizes are 4.56, 3.09
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and 2.62 um for the milling time of 0, 1 and 2 h respectively. One should note that average particle
size of magnetite decreases with increase in ball milling time.

Figure 2. SEM image of (a) alumina supported Nickel ball milled for (i) 1h. (ii) 2 h. (iii) 4 h
and (b) Magnetite ball milled for (i) Without (ii) 1 h (iii) 2 h ball milling at
2000x% each.

Figure 3 depicts the SEM images for variously ball milled Raney nickel. A relatively high number
of openings or caves are observed for 2 h ball milled catalyst as shown in Figure 3iv. The globular
particles of 2 h ball milled catalyst can be assumed to be a stacked layer of flaky disk particles (formed
as an attrition product of raw Raney nickel). However, further attrition of these globular particles
changed them back to platelet structure (Figure 3iii).

Moreover, the sizes of Raney nickel particles varied significantly over different ball milling periods.
Initially, raw Raney nickel particles are almost spherical in shape and have a very wide distribution of
the particle sizes. The average particle size of raw, 2 and 4 h ball milled Raney nickel are 11.74, 15.72,
and 13.72 pum respectively.

It is well known that milling process is controlled by the two processes of cold welding and
fracture [38,39]. Figure 4 illustrates the change in average particle size with milling time for variously
ball milled catalysts. It also demonstrates the dominant stages of milling process with time for different
catalysts. The particle size and morphology of catalysts are determined by the competition between
cold welding and fracture process. The average particle sizes of Raney nickel increases until 2 h
milling time which is attributed to the dominant cold welding process. However, fracture process
dominates only after 2 h and causes a decrease in the average particle size for 4 h milling time. Al,O3
mixed nickel catalyst also shows the similar trends. Al,O; mixed nickel has almost constant particle
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size for first 2 h and then decrease in the average particle size was observed. It means that initially cold
welding was dominant process and after 2 h milling time, it was the fracture process which prevailed.
However, magnetite showed a different tendency for the milling process. The decrease in the
magnetite average particle size with milling time is due to the dominant fracture process. It should be
noted that for Al,O; mixed nickel and Raney nickel, fracture process dominates only after 2 h

milling time.

Figure 3. SEM image of Raney nickel (i) without; (ii) 2 h; (iii) 4 h ball milling at 2000x
each and (iv) 2hball milled Raney nickel with pores (at 5000%).

Figure 4. Change of average particle size of catalysts with milling time.
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3.2. Reaction Results

The curves for % conversion of NaOH to Na,COs in the presence of variously ball milled AL,O;
mixed nickel, magnetite and Raney nickel catalysts at 300 °C are shown in Figures 5, 6 and 7
respectively. A substantial increase in the % conversion of NaOH to Na,CO; was observed due to
addition of the catalyst. However, a clear distinction between the catalytic activities for these catalysts
becomes discernible only after a 30 min run (Figures 5-7). The obvious reason could be due to the
formation of product Na,COs, which once formed shows catalytic activity for the reaction [40].

Figure 5. % Conversion of NaOH to Na,CO; for variously ball milled Al,O3: Ni (2:1)
(Wt.%) at 300 °C. 2 h ball milling time has exhibited the best result.
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Figure 6. % Conversion of NaOH to Na,CO; for variously ball milled Magnetite at
300 °C. 1 and 2 h Ball milling time has exhibited comparable result.
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Figure 7. % Conversion of NaOH to Na,CO; for Raney nickel at 300 °C. 2 h ball milling
time has exhibited the best result.
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A 2 h ball milled Al,O; mixed nickel catalyst was catalytically most effective compared to other
Al,Os mixed catalysts. The purpose to add Al,O; with nickel was to avoid the chance of
agglomeration. In our previous work [11], we observed that nickel particles tend to agglomerate when
ball milled in the absence of dispersant (such as alumina) [11]. In this study, we have minimized the
coalescence by mixing alumina with nickel. X-ray diffraction study (Figure la) confirms the
amorphorization of alumina over prolonged milling time. Smaller crystallite size for Al,Os; mixed
nickel was generated as ball milling time was increased. Therefore, a better specific surface area and
thus a better reaction yield were expected but the amorphorization of alumina particles has caused the
reverse effect. Therefore, the effective surface area available for the adsorption of the gas was
decreased and hence a relatively lower reaction yield was observed. Higher mechanical attrition and
thermally induced deactivation could be another major cause for low catalytic activity of 4 h alumina
mixed nickel. It can also be observed that the maximum% reduction in crystallite size was observed
for 2 h of ball milling time for alumina mixed nickel catalysts. Therefore, an increase in the formation
and movement of dislocations or vacancies as well as exchange of atomic site positions have led to the
increased catalytic activity for 2 h ball milled alumina mixed nickel catalysts.

In the experiments using magnetite as a catalyst, the reaction yield shows a similar reaction yield
for 1 and 2 h milling time (Figure 6). Due to the larger crystallite size, coarser magnetite has a low
surface area to volume ratio. The poor reaction yield in the presence of coarser magnetite was in
consistent with its relative larger particle size. When magnetite was milled for 1 h, crystallite size
reduced from several microns to 181 A and that causes an increase in the catalytic activity. But for 2 h
milling time, crystallite size reduced by only 12 A compared to 1 h ball milled magnetite. Therefore,
there is a relatively less plastic deformation for 2 h ball milled magnetite. Hence, 2 h ball milled
exhibited identical catalytic activity to that of 1 h. Thus, it can be stated that the reaction yield goes
hand in hand to the particle size of magnetite. 1 and 2 h ball milled magnetite has comparable
crystallite size and therefore their reaction yields are also similar.
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The effect for the use of Raney nickel catalyst on reaction (1) is illustrated in Figure 7. The curve
shows that 2 h ball milled Raney nickel catalysts have the best results. 4 h ball milled Raney nickel
catalysts have a low catalytic effect on reaction (1). The deactivation of 4 h ball milled Raney nickel
can be due to either a high mechanical abrasion of the catalysts surface or thermally induced
deactivation. The cold welding process dominates until 2 h of mechanical milling time for Raney
nickel catalysts. As well as maximum % reduction in crystallite size was also observed for 2 h milling
time only. Therefore, a large number of formations and movement of dislocations or vacancies have
led to an increased catalytic activity for 2 h ball milled Raney nickel catalysts. However, there is a
relatively less reduction in the crystallite size for 4 h milling time. Moreover, X-ray diffraction pattern
for 4 h ball milling time clearly shows the amorphorization for the catalyst. Hence, 4 h milling time
decreased the catalytic activity of Raney nickel.

Raw Raney nickel has a very wide distribution of particle sizes. Due to globular shape, they possess
higher surface area. The globular particles are formed by the agglomeration of the disk-shaped
particles by folding, enclosure, unfolding and pile-up [41]. Large number of open pores or caves
formation allowed 2 h ball milled Raney nickel to show the highest catalytic activity compared to
others. In summary, globular particles for Raney nickel has shown a better effect on reaction (1)
compared to platelet like structure.

4. Conclusions

The exothermic reaction between NaOH and CO leads to the formation of Na,COs3 and H,. This
method of generating H, can be regarded as a carbon-free emission method. At 300 °C in the presence
of 2 h ball milled alumina mixed nickel or Raney nickel catalyst, the reaction showed almost 100%
conversion for a 120 min run. However, in the presence of 2 h ball milled Raney nickel, reaction (1)
has highest % conversion of NaOH to Na,CO; at any reaction time. In conclusion, 2 h ball milled
globular Raney nickel has an overall best effect for NaOH-CO reaction. Moreover, particle size of the
catalysts has an effect on the reaction yield. Longer milling causes a decrease in the catalytic activity
for both alumina mixed nickel or Raney nickel catalysts. The equal crystallite size of 1 and 2 h ball
milled magnetite has shown similar reaction yield.
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