








4.2 Instrumental Set-up 
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Figure 4.2: Block diagram obtained from LabVIEW. 

National Instrument LabVIEW 9.0 software provides a graphie user interface monitors and 

records various operating parameters, and allows for control of sorne set points. It is a 

flexible programming environment that can help you successfully build your unique 

application. LabVIEW is a graphical programming platform that helps engineers scale from 

design to test and from small to large systems. Three data acquisition card (NI9256, NI 9207, 

and NI 9213) in conjunction with the Lab VIEW program records the experimental data. The 

data from the thermocouple, pressure transducer, and mass flow controller are recorded and 
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displayed through the Lab VIEW. The Lab VIEW block diagram and front panel for the 

fluidised reactor system is shown in Figure 4.3. 
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Figure 4.3: Block diagram obtained from LabVIEW. 

4.3 Experiment 

The system is purged with argon gas to remove other gases and filled with argon gas to 

create an inert atmosphere. The flow rate of the gas can be monitored by a mass flow 

controller. Separate heaters are provided for both the main reactor and disengaging zone. The 

reactor is heated to about 300-350 oC by using mica insulated band heaters. A PID controller 

along with a solid state relay is used to control the heating rate of heaters. The bottom of the 

fluidised bed reactor is filled with sufficient water for the aqueous alkaline reforming to take 

place. 

31 



1 Moss fla. controllo, 

Figure 4.4: Experiment setup. 

The cellulose, sodium hydroxide crystals along with the solid catalysts is kept on the 

distribution plate. At 300 oC, the steam reacts with cellulose, sodium hydroxide and nickel 

catalyst, to produce hydrogen gas. The reaction products are cooled by a condenser and 

allowed to go back to the fluidized bed reactor to take part in the reaction. A cyclone 

separator or filter is provided to capture the fines resulting from particle attrition. A 

circulating gas pump is used for providing and maintaining the minimum fluidization 

velocity. A pressure relief valve is installed in the system for 60 psig since the maximum 

operating pressure for the pump is 75 psig. A filter is placed before the mass flow controller 

to make sure no particulates enter the controller. Nickel is used as a catalyst because of its 

enhanced catalytic activity and operational stability. The catalyst binds both the H2 and the 
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unsaturated substrate and facilitates their union. The MicroGC is calibrated for the detection 

of gases using a universal gas calibration standard. 
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Chapter 5: Result and Discussion 

The aqueous alkaline refonning is carried out in Alloy-600 fluidised bed reactor with 3 g of 

cellulose, 2.97 g of NaOH in presence of supported Ni catalysts. The initial pressure of Ar 

was kept at 20 psig. The volume of water used was 37 mL to constitute 2M NaOH 

respectively. The caustic concentration was kept low to protect the reactor from caustic 

embrittlement. The maximum heating temperature was 250 oc. The maximum pressure of the 

system was 25.5 Psig. After three hours , the fluidised bed reactor was opened and examined. 

The cellulose on the distribution plate was unreacted. It has been wetted by the steam and its 

edges have been bumed whereas the middle portion of the cellulose was intact as in 

beginning. The experiment was repeated man y times to come to a concrete conclusion. The 

water used for the reaction was reduced to half the amount initially used for the experiment. 

The components of the system were removed to investigate the missing water. The 

condensed water was obtained from the cyclone separator. Aqueous alkaline reforming 

requires the breaking down of cellulose by water and alkali hydroxide in the presence of 

catalyst. In the fluidised bed reactor system, the water heated to 200-350 oC will change 

water into gaseous state. The ste am is supposed to condense in the condenser and drip 

backwards into the reactor. The presence of water in the cyclone separator indicated that the 

circulation of gas is carrying the steam to the cyclone separator without allowing it to cool 

down and retum to the reactor. The flowrate cannot be reduced as the flowrate is to be 

maintained to bring about fluidization . This indicates that for an alkaline refonning process 

to take place, the cellulose should be in a fonn to combine with other reactants . For the 

cellulose to dissolve, water is required. Passing of steam only wets the cellulose and hence 
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results in unreacted reactants. The experiment was then conducted with 1 g of cellulose, 2.96 

g of NaOH, 37 mL of water and 0.4 g of supported nickel catalyst powder. The distribution 

plate is not used. Instead, the cellulose was dissolved in water and mixed with sodium 

hydroxide and catalyst at the bottom of fluidized bed reactor. Alumina supported nickel 

catalyst powder was used. The system was pressurised to 20 psig with argon. The pressure 

was increased to 25.5 psi during the reaction. The pressure after cooling down was noted as 

24.82 psig. The gas was then analysed by using a MicroGC model 3000 from Agilent 

Technologies (Gas chromatography). The MicroGC consists of a PLOT U column that detects 

carbon dioxide, ethylene, ethane, acetylene and a moiSiev0065 5A column that detects neon, 

hydrogen, oxygen, nitrogen, methane and carbon monoxide. The MicroGC is calibrated for 

the detection of the above mentioned gases using a universal gas calibration standard (table 

5.1). Agilent Cerity software is used to control and analyze the GC runs. 

Table 5.1: Universal gas calibration standard. 

He 0.1000% 

Ne 0.0496% 

H2 0.0988% 

02 0.0500% 

N2 0.1000% 
CH4 Balance 

Ethane 0.0497% 

Ethylene 0.0497% 

C02 0.0500% 
CO 0.0995% 

Acetylene 0.494% 

Propane 0.0501% 

Methyl 0.0501% 
Acetylene 

n-Butane 0.0501% 
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Figure 5.1 : Gas chromatogram. 
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Figure 5.2: Gas chromatography analysis data. 

It is found that hydrogen constitutes about 75% of the gas produced in run perforrned with 

supported Ni catalyst (Figures 5.1 and 5.2). The presence of 0 2 and N2 in the gas analysis is 

due to an air leak detected in MicroGC and a small quantity of methane (CH4) is also forrned 
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during the gasification. The change in temperature and pressure against time during the 

reaction is presented in Figures 5.3 and 5.4. 
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Figure 5.3: Change in temperature with time. 
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Figure 5.4: Change in pressure with time. 

37 

l 'le) 

e 

.1 



Hydrogen mass calculation 

There was a pressure increase at the end of experiment in the presence of catalysts and the 

Ge analysis showed that H2 constitutes about 75% of gas produced by aqueous alkaline 

reforming. The reactor is cooled down to room temperature to eliminate the pressure 

contribution from water vapour and argon expansion and the mass of hydrogen formed is 

calculated based on the cool down pressures. The mass of hydrogen produced is calculated 

using real gas equation, PV = ZnRT in which P is the final cool down pressure of the reactor, 

V is the volume of the reactor, Z is the compressibility factor, n is the number of moles of 

gas , R is the universal gas constant (8.314 J mol·1 K I) and T is the final cool down 

temperature. The calculation is based on the number of moles of gas present before and after 

the gasification run. The number of moles of argon, nI is calculated based on the initial 

pressure (20 psig), reactor volume (11861 x 1 0-7 m3) and initial temperature (22.32 oC) using 

the real gas equation. The value of the compressibility factor (Z) is obtained from the NIST 

table. The total number of moles (nl+m) after cooling is calculated based on the final cool 

down pressure (24.82 psig), where m denotes the number ofmoles ofH2. From the final cool 

down pressure, reactor volume and cool down temperature, the number of moles ofhydrogen 

produced is found to be 0.1492 moles, which constitutes 0.2984 g. The mass of H2 supposed 

to be obtained from 1 g of cellulose with 100% conversion is 0.1493 g. 

PV 137895.146 X 11861 Xl0 - 7 
n 1 = PZRT = 1X8.314X295.47 = 0.06658 m oles 

The mass of H2 supposed to be obtained from 1 g of cellulose with 100% conversion is 

0.1493 g. 
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Molar mass of Hydrogen =2.0158 g 

P = 24.82 psig=171127.87 Pa 

PV 171127.876X 11861 Xl 0 - 7 
n 2 = PZRT = lX8.314X29S.47 = 0.08262 m ole 

Now, 

N = n 1 + n2 = 0.1492moles 

Mass of Hydrogen produced =2 x 0.1492 =0.2984 g 

There was a pressure increase at the end of ex periment in the presence of catalysts and the 

Ge analysis showed that H2 constitutes about 75% of gas produced by aqueous alkaline 

reforming. The reactor is cooled down to room temperature to eliminate the pressure 

contribution from water vapour and argon expansion and the mass of hydrogen formed is 

caJculated based on the cool down pressures. The mass of hydrogen produced is caJculated 

using real gas equation, PV= ZnRT in which P is the final cool down pressure of the reactor, 

V is the volume of the reactor, Z is the compressibility factor, n is the number of moles of 

gas, R is the universal gas constant (8.314 J mor l K- I
) and T is the final cool down 

temperature. The caJculation is based on the number of moles of gas present before and after 

the gasification run. The number of moles of argon, nI is caJculated based on the initial 

pressure (20 psig), reactor volume (11861 x 10-7 m3) and initial temperature (22 .32°C) using 

the real gas equation. The value of the compressibility factor (Z) is obtained from the NIST 

table. The total number of moles (nI +m) after cooling is caJculated based on the final cool 

down pressure (24.82 psig), where n2 denotes the number of moles of H2. From the final cool 
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down pressure, reactor volume and cool down temperature, the number of moles of hydrogen 

produced is found to be 0.1492 moles, which constitutes 0.2984 g. The mass of H2 supposed 

to be obtained from 1 g of cellulose with 100% conversion is 0.1493 g. 

P = Pressure in Pa 

V =Volume of the reactor, m3 

Z = Compressibility factor at a given temperature and pressure n 

= Number of moles 
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Chapter 6: Conclusion and future work 

6.1 Conclusion 

The fluidized bed reactor was designed as three separate parts and was connected with each 

other by means of flanges tightened by bolts. The system was tested for leaks by pressurising 

the system with argon gas. Cellulose should be in contact with water and sodium hydroxide 

to form hydrogen. The reactants remained unreacted as steam passed continuously through 

the reactants leaving it wet. The passing of steam is not enough to dissolve the cellulose and 

bring about the reaction. Hence, circulation is not suitable for aqueous alkaline reforming 

process. Water is found in the cyclone separator indicating that the circulating gas has carried 

away the steam to the cyclone separator and allowed it to condense in the cyclone separator. 

The flow rate cannot be reduced since it is mandatory to maintain flow rate for fluidization. 

So, a pathway has been made from the cyclone separator to the reactor for the condensed 

water to flow back to the reactor. However, the problem of unreacted cellulose persisted 

since the steam only passed the reactants whereas in the actual process they are mixed 

together. A fluidized bed system comprising of fluidized Bed reactor, condenser, cyclone 

separator and mass flow controller was fabricated successfully for the continuous production 

of hydrogen from cellulose by aqueous alkaline reforming. However, separating the 

cellulose, sodium hydroxide and catalyst from water and at the beginning of the reaction did 

not allow it to react. The steam also does not stay in the reactor because of the continuous 

circulation and enlarged volume of the entire system since the reaction is in continuous 

phase. For aqueous reforming process to take place the reactants should be mixed with water 

and the water when converted to steam should still be in contact with the reactants to aid the 
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production of hydrogen. This can be achjeved by closing the fluidized bed reactor from rest 

of the system with a valve and allowing the gas to pass to the other parts of the system in 

regular time interval. This way the steam will stay inside the reactor and bring about the 

reaction. 

6.2 Future work 

In the near term, experiment will be conducted in fluidized and batch reactor and the results 

will be compared. The influence of temperature on the performance of reactor can be studied. 

The efficiency of solid catalyst and powder catalyst can be analysed. The experiment can be 

conducted with continuous generation of steam from a steam generator rather than using a 

fixed amount of water. In the long tenn, new catalysts can be developed to compare with the 

existing nickel catalyst for aqueous alkaline reforming of cellulose. The fluidized bed reactor 

is disconnected from the system and can be treated as a batch reactor and experiments can be 

conducted. This will help us to understand how the results vary depending on the volume and 

geometry of the two reactors. Instead of circulating the gas produced, the gas can be taken as 

and when it is produced. The cellulose for the experiment can be obtained from various 

industries. The recuperation of the alumina balls used should be investigated. 
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Abstract 

The paper describes the design of a fluidized bed reactor (FBR) system for the production of 

hydrogen from biomass by using aqueous alkaline reforming technology. The described 

process is carried continuously to increase the production of hydrogen. The problems 

encountered in the reforming technology because of circulation are identified and the reasons 

whya continuous system is not suitable for aqueous alkaline reforming are explained. 
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1. Introduction 

Biomass, a unique renewable source, has properties similar to fossil fuels in regards to 

hydrogen production. Biomass is the basis for making renewable bioenergy, biofuels and 

other bioproducts that are increasingly replacing fossil-fuel based products [1]. Therefore, 

hydrogen production technologies from fossil fuels may also be employed using biomass as 

feedstock. In this study, the biomass used for the production of hydrogen is de-lignified 

cellulose; since lignin comprises most of the carbonaceous content, is hydrophobic in nature 

and is the most slowly decomposing component, this makes the hydrogen production energy­

expensive. The cost of lignin extraction can be compensated by its market value and hence 

the pro cess do es not affect the hydrogen production cost [2]. 

Biomass is a proven source of renewable energy that is already used for generating heat, 

electricity, and liquid transportation fuels. Biomass and biomass-derived precursors such as 

ethanol and su gars are appropriate precursors for producing hydrogen through different 

conversion strategies [3]Biological hydrogen production processes are found to be more 

environment-friendly and less energy intensive as compared to thennochemical 

and electrochemical pro cesses [4]. Biohydrogen holds the promise for a substantial 

contribution to the future renewable energy demands . lt is particularly suitable for relatively 

small-scale decentralized systems when integrated with agricultural and industrial activities 

or waste processing facilities. Biohydrogen is considered to be the key to a sustainable world 

power supply and is currently being seen as the versatile energy vector of the future, with the 

potential to replace fossil fuels. Unlike fossil fuels , biomass resources are dispersed and lacks 

the infrastructure to ensure sustained supply of low cost quality controlled gasification 

feedstock [5]. Hydrogen can be produced via various process technologies, including thennal 

(natural gas refonning, renewable liquid and bio-oil processing, and biomass and coal 

gasification, electrolytic (water splitting using a variety of energy resources), and photolytic 

(splitting water using sunlight via biological and electrochemical materials) [6]. 

Hydrogen is produced from cellulosic biomass without any COx emissions using a promising 

technology called aqueous alkaline refonning (AAR) technology. AAR is a base facilitated 

hydrogen production from biomass at Jess extreme reaction conditions than conventional 

refonning reactions. The unique feature of this process is that all the carbon in the biomass is 
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converted into sodium carbonate (Na2C03), a product of commercial value. As water is 

needed during the conversion process, there is no need to dry the biomass like in 

conventional gasification process. 

The objective of this project is the design and assembly of a test bench to produce hydrogen 

by AAR in a continuous mode. A description of the AAR process is given, followed by the 

presentation of the test bench for which the main components are a fluidized bed reactor, a 

condenser, a cyclone separator, and a recirculation pump. The initial experimental results 

showed that it is difficult to pro duce fluidization and make the chemical reaction occur in the 

reactor as almost no hydrogen was produced and unreacted cellulose was found after each 

fUn. The experiment was subsequently carried out without the distribution plate (bed) in the 

reactor, allowing the cellulose to be initially in direct contact with water. ln this manner 75% 

of pure hydrogen was produced. The reason for unreacted cellulose in the fluidized bed 

reactor is discussed in detail. 

2. Aqueous alkaline reforming 

ln aqueous alkaline reforming (AAR), cellulose reacts with sodiwn hydroxide (NaOH) and 

water to produce hydrogen and Na2C03 as by-product. The stoichiometric equation for the 

reaction is as follows [7, 8]: 

Ni/Al-Si 
(C6 H10 0 S)n + 12n NaOH + n H20 -----? 6n Na2C03 + 12n H2 

(1) 

The mole ratio of carbon in biomass to alkali metal hydroxide is 1 :2. Hence based on the 

carbon content in the cellulose, the amount of alkali metal hydroxides to be added is 

determined. The ratio of biomass weight to catalyst weight is 2.5: 1. The total yield of 

hydrogen obtained through the reaction at a temperature range 473-773 K is to be 67%. The 

formation of hydrogen is enhanced by the addition of Ni, Co, Rh, or Ru catalyst supported on 

Ah03 to the mixture of cellulose and NaOH, and the total yields of hydrogen is dramatically 

improved to almost 100% [9]. Sodium hydroxide locks the carbon contained in the cellulose 
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in the form ofvaluable chemical compound, Na2C03. The use ofNaOH for the production of 

hydrogen results in high hydrogen generation rates, lower operation temperatures, and 

overall reduction in carbon emission [10]. Nickel catalysts are particularly promising due to 

their relatively high activities and low costs. The experiment was previously carried out in a 

batch process and results showed that hydrogen with a purity of 95% was produced with no 

traces of either CO or C02 at temperatures as low as 573 K [ll]. 

3. Experiment 

3.1 Experimental Set-up 

The experimental setup consists of a fluidized bed, condenser, cyclone separator and mass 

flow controller (MFC) as depicted in Fig. l.The process is carried out in the reactor with an 

ID of 0.05 m. A stainless steel sieve (metal sifter) is used as distributor. The cellulose, 

sodium hydroxide, and catalyst are placed on the distributor to prevent the back flow of the 

reactants. The mass flow controller has a 0-600 Llm capacity for measuring and controlling 

the air flow rate circulating into the reactor. A multiple thermocouple is used to monitor the 

reaction temperature. Thennocouples and pressure transducers are used at various points of 

the system to monitor the temperature and pressure changes. 
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Fig.1: Schematic view of the experimental setup. 

3.2 Fluidized bed reactor 

The bed height depends on gas contact time, Iength to diameter (LlD) ratio needed to provide 

staging, space needed for internaI heat exchangers and solids retenti on time. Most bed 

heights are between 0.3 m to 15 m .The geometry of a fluidized bed (its diameter and bed 

height) plays a crucial role. The fluidized bed reactor shown in Fig. 2 was fabricated with an 

LlD ratio of 10.6. The reactor is 0.53 m long with a 0.05 m ID. The minimum fluidization 

velocity of 80 Llm was calculated using the Ergun equation and the catalyst to be used are of 

1 mm in diameter. The reactor was built using Inconel alloy, because of its resistance to stress 

at high temperature and pressure [12]. Alloy 600 is the best material for reactor construction 

due to its capacity in handling with high concentration caustic and hydrogen embrittlement 

[13]. 
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Fig.2: Picture of the fluidized bed reactor. 

The material considered for the distribution plate to be used in the fluidized bed reactor is 

also Inconel. However, for the test run, a commercial stainless steel sieve of 0.05 m diameter 

is used. The sieve is held in place by flanges in the fluidized bed reactor. 

3.3 Cyclone separator 

Cyclones are mostly used for removing indus trial dust from air or process gases. The cyclone 

separator is designed to rem ove the sol id particles and recirculate the gas back to the reactor. 

The cyclone separator consists of a vortex fin der, a cone and a dust collector. The schematic 

of the cyclone separator and the generated grid system considered in the present work is 

shown in Fig. 3 and the geometrical dimensions are listed in Table 1. It is essential that the 

geometry of each internaI component is designed to promote a smooth transition in 

maintaining laminar flow characteristics [14-15]. In Table 1, the dimensions are normalized 

by using the diameter of the cyclone body (D = 0.079 m). It has a tangential inlet of 0.025 m 

and uses reverse-flow technology. 
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Fig.3: Schematics of the cyclone separator. 

Table 1: Geometrical dimensions for the cyclone separator 

Cyclone parts Dimension (xD) Dimension (m) 

Cyclone diameter (D) 0.079 

Gas outlet diameter (De) 0.5 0.0395 

Dust collector inlet diameter 
0.375 0.0296 

(Did) 

Dust collector diameter (Dd) 0.079 

Exit length (L) 2.0 0.158 

Vortex finder length (S) 0.5 0.0395 

Cylinder length (h) 0.85 0.0671 

Cyclone length (H) 4 0.316 
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Dust collector length (Ld) 

Inlet width (a) 

Inlet height (b) 

Inlet length (Li) 

3.4 Condenser 

1.7 

0.2 

0.5 

0.1343 

0.0158 

0.0395 

0.079 

A condenser is used to cool the hot gas escapmg from the reactor. The condenser is 

continuously circulated with cold water from the tap to cool the gas and the condensed 

droplets drift back into the reactor. The double pipe heat exchanger design equations are used 

to design the condenser. lt consists of two equal sized pipes each 0.635 m long connected to 

each other at both end. The pipes have a 0.05 m OD and a 0.0211 m ID. 

3.5 Catalysts 

Cellulose, a polymer, decomposes first into water-soluble products and, then, the water­

soluble products are gasified with a nickel SUPPo11ed catalyst. The activity of the catalyst 

depends not only on the kind of support material used, but also on the overall catalyst 

dimension; indicating the nickel particles presented on the extemal surface could only 

contribute to the gasification [16]. 

As catalyst support, alumina balls with diameters in the range of 1-2 mm were selected. To 

prepare the nickel nitrate solution, 2.6 g of nickel nitrate powder is dissolved in 10 ml of 

water. Then, 3 g of alumina balls were soaked in nickel (II) nitrate solution for 3 h. The 

excess liquid is eliminated by evaporation. Deposition of the active element is never 

quantitative [17]. It is subjected to ovemight drying in an oyen at 140 oc. To control the 

nitrate decomposition, the precursors were maintained at 300 oC for 3 h and then the 

Ni/Ah03 catalyst was calcined at a final temperature of 850 oC for 5 h. The catalyst was 

reduced in a hydrogen atmosphere for 3 h at 700 oC. Calcination and reduction are carried 

out in a tube fumace. Fig. 4 shows the alumina balls before and after Ni impregnation. 
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Fig.4: Alumina balls before and after Ni impregnation. 

3.6 Instrumental Set-up 

Lab VIEW is a graphical programming platform that helps engineers scale from design to test 

and from small to large systems. Three data acquisition ca rd (NI 9256, NI 9207, and NI 

92l3) in conjunction with the LabVIEW program records the experimental data. The data 

from the thermocouple, pressure transducer, and mass flow controller are recorded and 

displayed with the LabVIEW program. The LabVIEW Block diagram and front panel for the 

fluidized reactor system are illustrated in Fig. 5. 

J 

Fig.5: LabVIEW Block diagram and Front panel. 

3.7 Experiment 

1: l' ti 

The experimental set-up is illustrated in Fig. 6. The system is first purged and filled with 

argon gas to create an inert atmosphere. The flow rate of the gas is monitored by a mass flow 

controller. The lower portion of the reactor incorporates an easily replaceable porous metal 
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gas diffusion plate and the top of the reactor widens abruptly to form a disengaging zone for 

the fluidized bed. Separate heaters are provided for both the main reactor and the disengaging 

zone. The reactor is heated to 300-350 oC by using mica insulated band heaters, each 

connected to a PID controller. A multipoint thermocouple monitors the internai reactor 

temperature at various heights. Pressure at various points of the system is measured by 

pressure transducers. The bottom of the fluidized bed reactor is filled with sufficient water 

for the aqueous alkaline reforming reaction to take place. 

A paste formed with cellulose (3 g), sodium hydroxide (2.97 g), alumina supported nickel 

catalyst (1 .5 g), and water is put on the distribution plate. At 300 oC, the steam reacts with 

cellulose, sodium hydroxide and nickel catalyst, to produce hydrogen gas. The reaction 

products are cooled by a condenser and allowed to go back to the fluidized bed reactor to 

take part in the reaction. A cyclone separator or filter is provided to capture the fines 

resulting from particle attrition. A circulating gas pump is used for providing and maintaining 

the minimum fluidization velocity. A pressure relief valve, set at 60 psig, is installed in the 

system since the maximum operating pressure for the pump is 75 psig. A filter is placed 

before the mass flow controller to make sure that no particulates enter the controller. 

1 M~s now control", 

Fig.6: Experiment setup. 
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4. Result and Discussion 

The aqueous alkaline reforming is carried out in Alloy-600 fluidised bed reactor. The system 

is initially purged and filled with Ar at 20 psig. The volume of water used was 37 ml to 

constitute 2 M NaOH. The caustic concentration was kept low to protect the reactor from 

caustic embrittlement. The maximum heating temperature was 250 oC. The maximum 

pressure of the system was 25.5 psig. After three hours, the fluidized bed reactor was opened 

and examined. The cellulose on the distribution plate was unreacted. It was wet humid and 

the edges were burned whereas the middle portion of the cellulose was intact. The 

experiment was repeated to obtain a concordant conclusion. 

The initial amount of water used for the experiment was reduced by ha If. The components of 

the system were removed to investigate the missing water. The condensed water was 

obtained from the cyclone separator. Aqueous alkaline reforming requires the breaking down 

of cellulose by water and alkali hydroxide in the presence of catalyst. In the fluidized bed 

reactor system, the water heated to 200-350 oC will change the water into gaseous state . The 

steam is supposed to condense in the condenser and drip backwards into the reactor. The 

presence ofwater in the cyclone separator indicated that the circulation of gas is carrying the 

steam to the cyclone separator without allowing it to cool down and return to the reactor. The 

flowrate cannot be reduced as the flowrate is to be maintained to bring about fluidization . 

This indicates that for an alkaline reforming process to take place, the cellulose should be in 

a form to combine with other reactants . For the cellulose to dissolve, water is required. 

Passing of steam only wets the cellulose and hence results in unreacted reactants. 

The experiment was then conducted with 1 g of cellulose, 2.96 g of NaOH, 37 ml of water 

and 0.4 g of supported nickel catalyst. The distribution plate was not used. Instead, the 

cellulose was dissolved in water and mixed with sodium hydroxide and catalyst at the bottom 

of fluidized bed reactor. As before, the system was pressurized to 20 psig with Ar. The 

pressure increases to 25.5 psig during the reaction. The pressure after cooling down was 

noted as 24.82 psig. The gas was then analyzed with a MicroGC. 
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At the end of experiment, a pressure increase of P = 24.82 psig was measured (Fig. 7) after 

cooling down the reactor to room temperature to eliminate the pressure contribution from 

water vapour and argon expansion, and the GC analysis shows that hydrogen constitutes 75 .9 

% of the total gas produced (Table 2). The presence of 0 2 and N2 in the gas analysis is due to 

an air leak detected in MicroGC and a small guantity of acetylene (C2H2) is also formed 

during the process . The mass of hydrogen produced is caJculated using the real gas eguation, 

PV= ZnRT, where P is the final cool down pressure of the reactor, V = 0.0011861 m3 is the 

volume of the reactor, Z is the compressibility factor, n is the number of moles of gas, R is 

the universal gas constant (8.314 J mol-I K- I ), and T is the final cool down temperature. The 

caJculation is based on the number of moles of gas present before and after the gasification 

run. The value of the compressibility factor was obtained from NIST tables. The number of 

moles of hydrogen produced was found to be n = (0.08262 mole) xO.0759 = 0.0627 mole, 

which constitutes a mass of 0.1264 g. According to Eg. (1), the mass of H2 supposed to be 

obtained from 1 g of cellulose with 100% conversion is 0.1493 g. Hence the conversion 

efficiency of the process is 84.7%. 
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Fig. 7: Change in temperature and pressure with time 
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Table 2: Gas chromatography analysis data 

Gas % 

hydrogen 75.9 

oxygen 7.68 

nitrogen 14,89 

Carbone dioxide 0.039 

acetylene 1.48 

Water is found in the cyclone separator indicating that the circulating gas has carried away 

the steam to the cyclone separator and allowed it to condense in the cyclone separator. The 

flow rate is responsible for carrying the steam to the condenser. The flow rate cannot be 

reduced since it is mandatory to maintain the flow rate for fluidization . Subsequently, a 

pathway has been made from the cyclone separator to the reactor for the condensed water to 

flow back to the reactor. However, the problem of unreacted cellulose persisted since the 

steam only passed the reactants whereas in the actual process of aqueous alkaline reforming, 

they are mixed together. 

5. Conclusion 

A fluidized bed system comprising of fluidized bed reactor, condenser, cyclone separator and 

mass flow controller is fabricated successfully for the continuous production of hydrogen 

from cellulose by aqueous alkaline reforming. However, placing the cellulose, sodium 

hydroxide and catalyst in the distribution plate, away from water did not bring about the 

reaction. The steam also does not stay in the reactor because of the continuous circulation 
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and enlarged volume of the system. For aqueous reforming process to take place the reactants 

should be mixed with water and the water when converted to steam should be in contact with 

the reactants to aid the production ofhydrogen. This can be achieved by closing the fluidized 

bed reactor from rest of the system with a valve and allowing the gas to pass to the other 

parts of the system in regular time interval. This way the steam will stay inside the reactor 

and aid in the complete degradation of cellulose. In the near term, experiment will be 

conducted in fluidized and batch reactor with the same amount of reactants and the results 

will be compared. The efficiency of solid catalyst and powder catalyst can be analysed. 
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