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Abstract 

A catalytic study was performed on the following 

proposed modified coal gasification reaction: 

 

  NaOH(s) + C(s) +H2O (g) = Na2CO3(s) + H2 (g). 

Our study reveals that in the presence of 2 h ball 

milled Raney nickel (average crystallite size of 209 

Å) this reaction is completed at 500 
0
C in 120 

minutes. X-ray diffraction technique is used for the 

characterization of the catalysts. Catalyst’s surface 

morphology is analysed by using scanning electron 

microscope. From a study of the surface morphology 

and activity of the used catalysts, a direct correlation 

of coal particle size with the reaction kinetics has 

been established. The findings reveal that the 

globular particles have better catalytic effect than 

flaky disk shaped particles. 
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1. Introduction 

The currently used industrial method of hydrogen 

production (the Steam-methane-reformation) requires 

emission of several tonnes of carbon dioxide for each 

tonne of hydrogen and therefore, is not helpful to the 

environment. The solution to this problem is still under 

research. So far, the suggested methods are either 

expensive or are in their early stages. Various alternate 

schemes have been proposed to curb CO2 emission and 

overcome kinetic barriers with the use of CO2 adsorbing 

solids and catalysts [1-8]. However, to achieve the 

benefits of a truly sustainable hydrogen energy 

economy, few researchers [9-11] have suggested the 

production of hydrogen from non-fossil resources. But 

the associated cost is several times higher than that 

produced from fossil fuels.  

We have demonstrated that the inclusion of sodium 

hydroxide in the steam-methane-reformation or coal 

gasification reactions lowers the reaction temperature 

and produces a carbonate [6, 12].  

 

2NaOH (s) + C (s) + H2O (g) = Na2CO3 (s) +2H2 (g) 

ΔH= 64.58 kJ (600 K)                    (1) 

 

C(s) + 2H2O (g) = CO2 (g) + 2H2 (g) 

ΔH= 95.73 kJ (600 K)                    (2) 

 

Reaction (2) is a well established coal gasification 

process. This process is operated between 500 and 1200 
0
C in gasifiers. Gasifiers use steam, oxygen and/or air 

and produce a mixture of CO2, CO, H2, CH4 and H2O.  

Carbon monoxide gas is further processed by the shift-

gas reaction to produce hydrogen with evolution of CO2. 

However, modified coal gasification reaction (here, 

reaction (1)) uses sodium hydroxide as a reactant which 

not only reduces the amount of required heat but also 

sequesters CO2 gas. 

Sodium hydroxide has been employed as a reactant to 

facilitate various reactions which are involved in the 

hydrogen gas production. Reichman et al. [13] 

suggested a process called Ovonic renewable hydrogen 

(ORH). This method involves sodium hydroxide for the 

reformation of organic matter to produce hydrogen gas. 

While, William et al. [14] used sodium hydroxide as a 

promoter to produce hydrogen gas via hydrothermal 

gasification of glucose and other biomass sample. Kamo 

et al. [15] pyrolyzed dehydrochlorinated polyvinyl 

chloride (PVC) and activated carbon with sodium 

hydroxide and steam to generate hydrogen gas and 

sodium carbonate with methane, ethane and carbon 

dioxide as byproducts. 

In our proposed reaction, we used sodium hydroxide 

as a reactant, which when react with the products of coal 

and steam reaction forms sodium carbonate and evolves 



CheM © [2012], Copyright CCAAS                                                                                                  Sushant Kumar, et.al. CheM 2012, 2, 20 -26 

21 
http://ccaasmag.org/CHEM 

clean hydrogen gas. Our previous work
 
[6] successfully 

demonstrated the feasibility of this reaction and requires 

an inexpensive and efficient catalyst in this system.  

Nickel and Raney nickel are highly active and widely 

employed as catalysts for various industrial processes 

[16-20]. Numerous studies have confirmed the 

significant role of catalysts geometric factor, electronic 

factor and surface imperfections in determining their 

catalytic activity [21-27]. Therefore, it is always 

reasonable to explore the possible relation between the 

catalyst grain size and the reaction rate.  

Here, we obtained different sized coal and catalysts 

particles using mechanical milling. Mechanical milling 

is regarded as one of the simple and common methods 

to obtain uniform distribution of composition. During 

mechanical process, powder particles undergo severe 

deformation which leads to various crystal defects such 

as lattice strains, dislocations, vacancies and morpholo-

gical changes [28-30]. In this work, our focus is to study 

the catalytic behaviour of different sized and shaped 

catalysts and also to learn about the effect of using 

variously ball milled coal with this reaction. 

 

2. Materials and Methods 

2.1 Catalysts preparation.  The catalysts used for 

reaction (1) are nickel and Raney nickel. Nickel Powder 

(-100 mesh), Raney nickel (-325 mesh) were delivered 

by Sigma Aldrich and Acros Organics respectively.  A 

planetary Retsch PM100 ball milling machine has been 

used to reduce the particle sizes of these catalysts. The 

cylindrical ball milling container has an internal 

diameter and length of 1.6” each. The powder to ball 

weight ratio was 1/54. Milling time varied from 1 to 4 h 

but the revolution speed (250 rpm) remained the same. 

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). Jeol JSM-5910-LV and Jeol JSM-6330F 

scanning electron microscope were used to study the 

surface morphology of the catalysts. 

Image J software was used to determine the average 

particle sizes of both coal and Raney nickel catalysts. A 

total of nearly 50 particles were taken into consideration 

from 3-4 different SEM images to ensure a precise 

estimation of the average particle sizes. 

2.3 Reaction Study. About 0.1 gm of anhydrous sodium 

hydroxide (Sigma Aldrich (98% purity)) was 

homogeneously mixed with a stoichiometric amount of 

anthracite coal in an alumina boat (reaction 1). The 

alumina boat was then positioned at the hot spot of an 

alumina tubular furnace of 18.5” length and .667” 

diameter. Thereafter, the furnace temperature was 

increased. Nitrogen gas was employed at 50ml/min 

during rise in temperature. Once the required 

temperature was attained, steam was allowed to pass 

through the alumina tube. It should be noted that steam 

flow rate has not been controlled in this study. The 

catalysts were added in an amount of 3 wt. % of initial 

weight of NaOH. A higher amount of catalysts, if added, 

will increase the process cost while a lower amount will 

not be sufficient enough to accelerate the reaction as 

desired. 

The extent of reaction was analyzed by calculating 

the exact amount of sodium carbonate formed via 

reaction (1).  The mixture of product and un-reacted 

reactant were titrated against a strong acid. The 

equivalent points were detected by using acid-base 

indicators (Phenolphthalein and Methyl Orange). The 

below reaction confirms the formation of sodium 

bicarbonate during titration. However, sodium 

bicarbonate does not form during reaction. 

            Na2CO3 + HNO3                NaHCO3+ HNO3 

 and then 

            NaHCO3+ HNO3                NaNO3+CO2+H2O 

 

3. Results and Discussion 

3.1 Characterization of Catalysts 

3.1.1 Catalysts Crystallite Size.  The crystallite size of 

these particles was calculated using Scherrer’s formula 

[31]. The Scherrer equation describes the relationship 

between mean crystallite size and diffraction line width. 

The equation used here is 

  
    

(     )    
 

Where, λ is the wavelength of X-ray radiation (Mo 

Kα1 = 0.7093171 Ȧ), β the width at half maximum 

intensity of a peak,    the width at half maximum of 

highly crystalline  material LaB6 and θ the Bragg angle, 

half of the diffractometer angle. The crystallite size 

signifies the size of coherently diffracting domain and it 

cannot be always regarded as particle size due to the 

presence of polycrystalline aggregates.  

Figure 1 illustrates the x-ray diffraction pattern for 

variously ball milled Raney nickel catalysts. The 

crystallite sizes for raw, 1, 2 or 4 h ball milled Raney 

nickel are 413, 347, 209 and 190 Å respectively. It can 

be seen that as the crystallite sizes decreased due to ball 

milling, diffraction peaks shift towards the low angle 

direction and peak widths increase. During the 

prolonged ball milling time, the energy produced by ball  
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Figure 1 X-ray diffraction pattern for variously ball 

milled Raney nickel. 

 

milling drastically increases the strain rate and causes 

several modifications like vacancies, atomic site 

interchanges and dislocations [22,32-33]. However, 

Raney nickel nullifies the chance of any atomic site 

interchange but the possibility of formation and 

movement of dislocations can not be denied. According 

to Fetch, the generation and  movement of dislocations 

could decrease grain size [34]. Here, it can be observed 

that for 2 h ball milled Raney nickel, there is relatively 

high % reduction in the crystallite sizes. This suggests 

that the mechanical milling caused an intensive 

deformation for 2h ball milled Raney nickel catalysts 

powders. 

 

3.1.2 Morphology and  particle size analysis.  Figure 

2 illustrates the back scattered scanning electron 

microscope images of variously milled coal particles. 

The mean particle size for raw, 1, 2 or 4 h ball milled 

coal is 15.07, 9.29, 6.27 and 13.97 µm respectively. The 

smallest coal particle size of 6.27 µm was obtained by 

ball milling for 2 h. But if the time of ball milling was 

extended to 4 h, the particles agglomerated resulting in 

larger particle sizes.  

The particle size measurement of Raney nickel 

catalysts followed the same procedure as for the coal 

particles. The average particle sizes of raw, 1, 2 and 4 h 

Raney nickel catalysts lie in the range of 10-20 µm. 

However, it can be observed that the surface 

morphology of these particles varied drastically 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. When this was 

milled for 1 h, their spherical shape has been 

transformed into a flaky disk shape. Its formation could 

be due to the impact actions of the milling balls. 

However, when Raney nickel catalyst was ball milled 

for 2 h some of its flaky disk shaped particles 

transformed back to globular shape. These globular 

particles are formed by the agglomeration of the disk-

shaped particles by folding, enclosure, unfolding and 

pile-up
 
[35]. Prolonged ball milling time caused severe 

attrition of these globular particles and retransformed 

them into disk shaped particles [Figure 3(i)]. 

 

 

  

     

Figure 2 Back scattered SEM image of (i) without (ii) 1 hr (iii) 2 h and (iv) 4 h ball milled coal 
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(i) 

 

 

(ii) 

 

Figure 3 SEM images of (i) variously ball milled Raney nickel each at 2000X magnification (ii) 2 h ball milled 

Raney nickel showing caves at 5000x magnification. 
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3.2 Reaction Results.  Figure 4 shows x-ray diffraction 

patterns for the product which confirms the formation of 

sodium carbonate by reaction (1) in the presence of 

nickel catalysts at 600 
0
C. Peak locations for Ni, 

Na2CO3 were obtained from JCPDS #70-0989 and 37-

0451 respectively. 

The experimental study of reaction (1) has been 

carried out at two different temperatures i.e. 500 and 

600
0
C. Figure 5 demonstrates the reaction rate at 600

0
C 

for various coal particle sizes. The graphs suggest that 

as the reaction time increased, formation of sodium 

carbonate also increased accordingly. However, the plot 

for 4 h ball milled coal shows a minute variation in the 

reaction yield at higher reaction times. The reason for 

this phenomenon lies in the surface morphology of coal 

particles. We note that as coal particle size increased, 

the reaction rate decreased accordingly.  

The selectivity and activity of catalysts are often 

found to be largely dependent on the surface structure, 

particle morphology and size. In particular, the particle 

size is a critical issue as it determines the density of 

active sites. The catalytic study of 2 h ball milled coal 

(mean size of 6.27 µm) was performed using nickel 

metal powder (-100 mesh) and Raney nickel (-325 

mesh) at 600
0
C. In the presence of highly active Raney 

nickel catalysts, reaction has a faster rate [Figure 6 (i)]. 

Raney nickel possesses highly porous microstructure 

and thus has high surface area. However, nickel can also 

act as a catalyst for reaction (1) but its observed activity 

is relatively lower than that of Raney nickel. Here, the 

purpose was to explore the effect of different sized 

Raney nickel catalysts. Therefore, raw Raney nickel 

catalysts were ball milled for different times.

 

 

 

 

 

 

 

 

 

 

Figure 6 for (i) different catalysts at 600
0
C and (ii) different sized Raney nickel at 500

0
C. 
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Figure 4 X-ray diffraction pattern confirms the 

product formation in the presence of nickel catalyst 

for reaction (1) at 600
0
C. 

Figure 5 % Conversion of NaOH to Na2CO3 for 

different sized coal particles at different time at 

600
0
C. 

(i) (ii) 
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Hydrogen generation curves for different sized Raney 

nickel at 500
0
C are plotted in Figure 6(ii). Results show 

that 2 h ball milled catalysts have the best effect 

compared to others. The reason for high catalytic 

activity of 2h ball milled Raney nickel catalysts lie in 

the morphological as well as geometrical factors.SEM 

images in Figure 3 show the surface morphology of 

variously ball milled Raney nickel. Figure 3 (ii) 

demonstrates the presence of a large number of open 

caves for 2 h ball milled Raney nickel which could be 

the reason for its high efficiency. In summary, globular 

catalyst particles exhibit high catalytic activity 

compared to that of flaky disk shaped catalyst. 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. Since high 

temperature existed during prolonged milling, most 

likely it caused the loss of catalytic surface area because 

of the growth of the crystallites of the catalytic phase. A 

poor catalytic activity of the disk shaped 1 h ball milled 

Raney nickel can be explained in a similar fashion. 

Here, shape of the catalysts has been transformed into 

globular to flaky disk. This could have led to closing of 

the open caves. However, during 2 h of ball milling, 

flaky disk shaped particles agglomerate and leave a 

large number of open pores. In addition to the 

morphological aspect of the catalysts, there is also a 

geometric factor which is contributing to the catalytic 

activity. The maximum % reduction in the crystallite 

size was observed for 2 h milling time of Raney nickel 

catalysts. Thus, a large number of formations and 

movement of dislocations or vacancies have occurred 

which led to an increased activity for 2 h ball milled 

Raney nickel catalysts. 

All the kinetic curves show a rapid increase in the 

yield after 30 minutes of the reaction. The obvious 

reason could be the formation of sodium carbonate as a 

product; which when formed in a sufficient amount 

speed up this reaction. Thus, sodium carbonate too 

possesses catalytic property and can be categorized as a 

catalyst for reaction (1). 

Carbon monoxide has a high affinity for forming 

carbonyl compounds with the transition metals [36]. 

These carbonyl compounds can be readily decomposed 

back to the transition metals. Carbon monoxide passing 

over the catalysts surface may have been adsorbed and 

formed carbonyl compounds. These nickels based 

formed carbonyl compounds have increased the 

collision frequency of sodium hydroxide and carbon 

monoxide gas. As a result, higher % conversion of 

NaOH to Na2CO3 was observed in the presence of 

nickel or Raney nickel catalysts.  

Nickel has the least corrosion rates for molten sodium 

hydroxide. Nickel is essentially immune to caustic 

stress-corrosion cracking even in molten anhydrous 

sodium hydroxide at high temperatures. As 

concentration of sodium hydroxide and temperature 

increase during the evaporation process or during 

chemical- processing, the corrosivity enhances 

considerably. Likewise, increasing the nickel content of 

nickel-based alloys produces increasing resistance to 

general corrosion and stress-corrosion cracking in the 

caustic soda. Thus, a number of nickel-base alloys can 

be used for handling sodium hydroxide, depending on 

concentration and temperature [37]. Therefore, these 

properties of nickel ensure the longevity and high 

recyclability of nickel based catalysts applied in reaction 

(1).  

 

4. Conclusion 

Our earlier study demonstrated that reaction (1) is 

complete at 675
0
C in about an hour [6]. Here, we have 

successfully demonstrated the effect of various catalysts 

on this reaction and found their optimum size and shape. 

The reaction is completed in 120 minutes in the 

presence of 2 h ball milled Raney nickel catalyst at 

500
0
C. A direct correlation of coal particle size on the 

reaction rate has been established by this study. In 

addition, we also explored the effect of the surface 

morphology of Raney nickel. Globular particles 

exhibiting higher surface area and high open caves has 

better effect than flaky disk shaped particle.  
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