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~ Abstract—As the fossil fuels kept on depleting, intense research In contrast, utilization of oxygen ¢Das gasification agent
in developing hydrogen @i as the alternative fuel has been done tQyj|| increase the heating value of the product gas but will

cater our tremendous demand for fuel. The potential osithe onq me higher cost due to pure €quirement for the
ultimate clean fuel differs with the fossil fuel that releases significant

amounts of carbon dioxide (Ginto the surrounding and leads to process to occur [4]-[5]. o . .

the global warming. The experimental work was carried out to study DUe to the abundance and variability of the biomass in the
the production of K from palm kernel shell steam gasification atworldwide, it is difficult to predict the Hproduction from
different variables such as heating rate, steam to biomass ratio ath type of biomass consumed during the process. Therefore,
adsorbent to biomass ratio. Maximurg éomposition which is 61% continuous effort should be done to further investigate the
(volume basis) was obtained at heating rate of "@6mn, 1q}aepability and suitability of the available biomass as the

steam/biomass of 2:1 ratio, and adsorbent/biomass of 1:1 ratio. i terials f ducti Until th h
commercial adsorbent had been modified by utilizing the alcohorrarting materials for energy production. Until now, tnere have

water mixture. Characteristics of both adsorbents were investigaé@en quite few studies that investigate the suitability of raw
and it is concluded that flowability and floodability of modified Cadlignocellulosic materials in the steam gasification process in
is significantly improved. producing the syngas, since the feedstock composition directly
affect the H production. In addition, the characteristics of the
_Keywords—Biomass gasification, Calcium oxide, Carbonpiomass involves the determination of chemical composition,
dioxide capture, Sorbent flowability elemental composition, inherent mineral content, amount of
volatile materials, moisture content and their physical
properties such as particle shape, size and density [3]. Besides,
AT present, hydrogen g production is mainly via the common criterion possessed by the starting materials is high
utilization of the fossil fUE', either through steam methan%rbon content and low moisture content [5] Therefore,
reforming or coal gasification. According to Ewan and Allengimost all of the carbonaceous materials can be converted to
the conventional kHproduction consumes approximately 96%pjo-fuel in the thermochemical gasification process. However,
of fossil fuel sources in which 48% of steam methangigh moisture content of the feedstock may bring adverse
reforming, 18% of coal gasification, 30% of oil reforming, angmpacts towards the gasification process meanwhile high ash
3.9% of electrolysis process [1]. However, these routggntent result in various operating problems due to sintering
associates with its non-renewable pathway and may emiid slagging problems. Therefore, pre-treatment (i.e. heat
significant amount of carbon dioxide (g)0nto the ambient treatment) of these biomass wastes is appropriate because
air, which contribute to increase concern of greenhouse effeicess moisture content or inorganic content can be removed.
and ultimately, global warming issue. Thus, considering Besides, the selection of calcium oxide (CaO) as the solid
pollutant emission and fossil fuel depletion, biomasgdsorbent in the gasification process is due to its prominent
gasification is an alternative to the direct use of the fossil fUQUvantages such as wide availability of the precursor. These
energy derived from petroleum, natural gas or coal. Therefogglcium-based adsorbents in general can be easily derived
extensive interest has been focused on the production of pfgsin cheap and plentiful sources such as limestone (§aCO
and clean K In this work, production of Hand simultaneous dolomite (CaMg(C@),), and calcium hydroxide (Ca(O#))
CO; capture via the sorption enhanced steam reforminghe other reason on the selection of CaO as the solid
process of biomass is considered [2]. In addition, withdsorbent is due to their high reactivity possessed by them at
consumption of steam as the gasifying agent instead of airtae elevated temperature. The criterion is in contrast with the
CO,, higher production of K can be produced due toother types of solid adsorbents such as activated carbon and
additional H generated from the decomposition of water [3]zeolite, in which the C© capture is limited to ambient
BESidES, the utilization of steam as the gasification agent V\&u)ndition due to weaker bmdmg forces between adsorbent-
enhance the heating value of the product gases (10-ddsorbate [6]. Although metal oxide is already an established
MJ/Nn7’) due to absence of nitrogen dilution as compared t@isorbent for an elevated temperature process, but not all of
the utilization of air as the gasifying agent [4]. the oxide materials can be further utilized as the adsorbent in
o . o ~ the steam gasification process. Unlike the Ca@@ich is
el s Crric Engnesing Dot Ui Hecomposed af temperature gt han gasicaton opering
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350°C makes them incompatible for the process becdusse t

decomposition temperature is still within the gasifion
operating condition [3].
Even though lithium zirconate and hydrotalcite eapable

B. Characterization of CaO Adsorbent

The flowability and floodability characteristic dfoth the
original and modified CaO is an important paraméecause
it will directly influence its performance in caping CO..

to capture CQ at the elevated temperature, but their,COTnys Hosokawa Micron Powder Characteristic Testedel

capture capacity is still low compared to CaO [Bhis is
because CaO is capable to act as the adsorbentaaaigst
simultaneously and thus, results an improvemernthefCQ
removal [7]. In addition, the energy release frame CaO
carbonation can compensate the energy requiredtitfer
endothermic gasification process which will increathe
effectiveness of the process [8]. Therefore, cangid the
superior characteristics of CaO as adsorbent, f@erémental

PT-S was applied to evaluate their characterisiticdusive of
angle of repose, angle of spatula, angle of faligle of
difference, compressibility, compression, and disjpdity
measurement. Besides, the aerated bulk densitkegaoed
density, and uniformity of these adsorbents werso al
investigated by using the equipment. The PT-S &oaly
instrument was developed so that the key measutenaea
performed using a single and convenient unit, aodiging an

works have been established previously to study thgiditional basis of data for quality control of mimved

effectiveness of these calcium-based solid sorheitisin-situ
steam gasification process and the findings discthst the
process is well-dependent on the temperature aasspre [8]-
[10].

products as well as numerical evaluations of flafdwvior of
dry solids.

C.Seam Gaisification Procedures

Even though the combination of steam gasificatiagthw  Thermogravimetric analyzer (EXSTAR TG/DTA 6300)
CO, capture has been done previously, but continuaas acoupled with the mass spectrometer (MS) has bekzedtto
further effort should be implemented to study thecpss on study the steam gasification process with PKS asséfected
the local biomass waste. Thus, the core objectithe work biomass samples. 1 mg of mixture of PKS and hydr&aO
is to evaluate the Horoduction through the implementation ofadsorbents was loaded into platinum sample paor Bfithe

thermochemical gasification process. Besides,
adsorbent in this case will undergo the hydratioycess prior
of being utilized in the gasification process, whis claimed
as a promising pathway to further enhance the atlsar
process. The effects of solid adsorbent to biomas®,
heating rate, and steam to biomass ratio are iigegstl in
order to optimize these process parameters. Apam fhat,
the flowability and floodability characteristics dfoth the
original and modified solid sorbents are examinddhe
physical characteristics of the sorbent powder atsapof
angle of repose, angle of spatula, angle of fafiglea of
difference, compressibility, cohesion, dispersipiln addition
to the other three auxiliary values such as aefatiiddensity,
packed bulk density, and uniformity.

Il. EXPERIMENTAL METHODS

A.Materials Preparation

Modified CaO adsorbents were prepared through the

hydration process by mixing 100 grams of originedCC
(99.7% purity from Sigma Aldrich) with 1L of ethan@&tOH)

solution. In addition, EtOH solution was preparéuotigh
mixing of ethanol (99.9% purity from MERCK) and tlied

water with the ratio of 8:2, respectively. The nuxeolution
then was placed in a beaker and stirred for 3 htmensure
thorough mixing. Upon completion of the mixing pess, the

theO C gasification process, the sample was loaded withorar

(99.999% purity from MOX-Linde) as a carrier gas & hour

to avoid any oxidation from occurring inside thactr. Then,

the sample was heated to 100to remove any remaining
moisture and further heated up to @DPwith the heating rate

is varied. The products which consist of low molacuveight
gases such as,Hmethane (Clj, carbon monoxide (CO) and
CO, were analyzed by using the mass spectrometer. In
addition, the experiment was conducted with théstswxe of
Taguchi optimization approach, as shown in Table 1.

TABLE |
Lo ORTHOGONAL ARRAY
Parameters
Experimental Orders (Run) Heating rate  Steam to Sorbent to
(°C/min) biomass ratio biomass ratio
1 20 0 0
2 20 1 1
3 20 2 2
4 50 0 1
5 50 1 2
6 50 2 0
7 100 0 2
8 100 1 0
9 100 2 1

Ill.  RESULTS ANDDISCUSSIONS

A.Physical Characteristics of the CaO Adsorbent
The physical characteristics of commercial and biged

solution was heated inside an oven for a day at’@10caQ adsorbents are given in Table 2. The resutieopowder

temperature in order to remove the excess EtOHwatdr in
the solution. The modified CaO was ground andriteusing

characteristics as tabulated in Table 2 was base€ar’s
floodability and flowability index table, respecatly [11].

mesh opening of 150m. On the other hand, local palm kernelOverall, the developed CaO provides better chariatites in

shells (PKS) were selected as the biomass samptedavork
and were obtained from a local mill in Perak, Malay

terms of angle of repose, compressibility, anglspztula, and
in the dispersibility. These properties are siguaifit for
understanding the powder’s flowability and floodeypiin the
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real gasifier system. Floodability in general istem of angle
of fall, angle of difference, dispersibility aneWability index
meanwhile flowability index is indicated by five @aneters;
compressibility, angle of repose, angle of spatutaformity

and cohesion [12]-[14].

TABLE Il
COMPARATIVE STUDY BETWEEN THECHARACTERISTICS OFCOMMERCIAL AND
MODIFIED ADSORBENT
Commercialized

B. Seam Gasification of PKSwith In-Situ CO, Capture

The results of the steam gasification of PKS witksitu
CO, capture in terms of product gas composition wéoéer
in Fig. 2. The data are repeated at least twiceeidability and
repeatability. The ultimate goal of the researchrkwis to
maximize the total amount of ,H production and
simultaneously, minimize the production of CO an®,C
Based on the Taguchi design brthogonal array, steam to
biomass ratio of 0 indicates the absence of stemide the
gasifier system meanwhile adsorbent to biomas® rafti O
shows no introduction of CaO inside the steam mgagibn
process. According to Fig. 2, experimental run nemB
shows the greatest production of in volumetric basis)
which is about 61%. The results were also strosglyported
based on Taguchi analysis using Minitab 16 statifgoftware
(Minitab Inc., PA), as shown in Fig. 1.

Main Effects Plot for Means
Data Means

Characteristics Ca0 Modified Ca0
Value Index Value Index

Angle of repose 93%1 0 70° 2

Angle of spatula 81.7 7 67.8 12

Angle of fall 78.3 0 108.8 0

Angle of difference 14.8 15 -38.8 0
Compressibility 46.30% 0 21.40% 17
Cohesion 60.80% 2 86.90% 0
Dispersibility 11.20% 12 56.90% 35

Aeratedbulk g5 ec NIl 0.32glcc Nil
density
Packed bulk density ~ 1.146 glcc  Nil oé;g il

The significance of powder characteristic is impgea
especially when it comes to the industrial or n@assluction.
Consumption of less flowability and high floodatyili of
powder will terribly affect the whole process awitl cause
the powder to easily get stuck and jammed insigeptpeline,
valve or funnel. Accordingly, it will increase tteapital and
operating cost and the process will not run smgothie to
regular shutdown and maintenance requirement. Tthughe
subsequent biomass gasification experimental wotke,
modified CaO has been chosen as the solid adsadberto its
higher surface area, which is proposed to enhaheeCQ
adsorption capacity apart from its ease in hanglirngess.

In addition,
mixture has been employed in the research workntaece
the CQ capture capacity and recyclability of the mateimal
continuous process [15]. It is reported that higdrawith the

alcoholic solutions yield sorbents with higher sod area,

heating rate

steam:biomass

52.51

50.01

~

.

47.54

45.04

~

20

50

100

—/

hydration method utilizing ethanol-emt

adsorbent:biomass

Mean of Means

52.54

50.0 | /\
47.51
45.0

2

Fig. 1 Overall main effect plots from Minitab 16l1software

Therefore, it can be concluded that the optimabdgm for
the process is at heating rate of AD@nin*, steam to biomass
ratio of 2:1 and adsorbent to biomass ratio of 1.
gasification process, it is desirable to maximize production
of H, over CO, which can be applied by further promoting
reforming and water-gas shift reaction. Thus, TébfEovides

smaller particle size and better pore distributioat affect the the comparative study of KO and H/CO; ratio for each of
sorbent reactivity [16]. Arpiret al. reported that the surface the experimental runs. Also, the gas compositiadifferent at
area and pore volume of modified CaO is much higher Various experimental designs. Therefore, the samelbus
compared to the original materials, which is frorh8f/g to  reaction that take place at each of the procesigrdesill

29.22nflg and 0.006cig to 0.157crifg respectively [15]. contribute to various product gas compositions. sThihe
According to previous works, mesoporous sorbenicsire is effect of each parameters (heating rate, steamotodss fed

ideal because it maximizes the porosity in rangeé-@0nm
and will prevent pore blockage, pore plugging aridimize
the pore diffusion resistance [16]-[17].

ratio and amount of adsorbent) on ptoduction and yield is
thoroughly analyzed and discussed in the follovéagtions.

800



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:6, No:8, 2012

Gas Comiposition (vol%e)

Gas Composition of Each Run

102
30

70

G0
S50

41
30
Zn
10

D
1 2 3 4 5 3 7 2 Q

Ohetiane 0 7.98 0 0 0 D 0 0 0

sCarbon Monoxide | 35844 1322 2554 52.32 48.34 35.04 28.86 287 21..8

OCarbon Dioxide 18.€3 24.5 30.48 259 13.23 972 21.13 2959 16.65

S ydrogon 4323 543 43.58 32.0% 30.53 55.23 5019 4072 cl.le

No. of Experimental Runs
Fig. 2 Gas composition at each experimental rusetb@n Taguchi Design of Experiment
TABLE I Based on Fig. 3, Hproduction is significantly increasing
Ho/CO AND H2/CO; FOR EACH OF THEEXPERIMENTAL WORKS correspond to the increase in steam to biomassatéulto the
Experimental run KICO ratio H/CO; ratio system. However, drastic reduction of ptoduction can be

1 1.8 .64 seen from Fig. 3 when increasing the steam to késnmatio
from O to 1 at heating rate of %D min* and 106C min?,

2 411 2.22 . . . .
respectively. This scenario is probably due to fiigant

3 172 144 steam supplied to the gasification process, resultghe

4 0.75 4.55 ineffectiveness of the process. In addition, acogrdo Fig. 3,

5 0.80 2091 the greatest Hcomposition was found at steam to biomass

6 158 5.68 ratio of 2:1. Therefore, the ratio of 2:1 was idiéed to be the
optimal point for steam gasification process. Ag¢ thptimal

! 174 2.38 point, the reaction attain the equilibrium conditio which H

8 1.37 1.38 released reach the maximum [18].

9 2.89 3.67 According to previous work by Xiaet al., the presence of
steam as the gasification agent helps to improeectirbon
conversion, selectivity of jand the lower composition of GH

C. Effect of Seam to Biomass Ratio and CO through steam methane reforming and therigate
] N shift reaction of CO [19]. Steam also has the teogeto
Interaction Plot for H2 gas composition . .
Data Means enhance the CQcapturing process in such a way that the
oo hesting steam react with CaO to form Ca(QHnd the product will
- EE further promote the carbonation process to takeepf20].

5551

504

Mean

45-

401

The reaction formula is as given in (1) and (2):

CaO+H,O ~ Ca(OH), )
Exothermic reaction AH = -966kJmol
CaOH, +2CO, ~ Ca(HCO,), 3
0 i 2 Exothermic reaction AH = -69%Jmol *

steam:biomass

Fig. 3Interaction plot of Hyield versus steam to biomass ratio (Unit Since steam is the only agent used in the gasdicat
for heating rate?C/min) process, the reactions that involve steam will bghli

dependent on its concentration, up to a certaienexiThus,
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the selection of optimal steam to biomass ratisigsificant CaCO;,(s) ~ CaO(s) +CO,(g) (3)
since it affects the whole process reaction. Froenresearch

work, the optimal ratio of 2:1 is parallel with thecent Endothermic calcination AH =1705kJ /mol
literature that proves the slower rate of fdr the steam to CaO(s) +CO,(g) ~ CaCO,(s) )
biomass fed ratio above 2 [21]. The circumstanaesto the  gyoihermic carbonation AH = -1705kJ / mol

excess steam inside the process led to the temperat
reduction inside the gasifier, attributed by thath&bsorption
[22]. In addition, based on Chenal. [23], insufficient steam
supply minimizes the Hproduction and the undesirable
chemical reaction will take place (CO and LHs the
dominant product) and meanwhile, the high steamw flate [25]. Besides, the scenario can be explained dswsi the

into the gasifier will tend to decline the,Hield and the . bonation process and cellulose dehydration which

surplus steam will be_a waste of heat_ load andteeu;uepergy exothermic release heat during the ;Gf@apture and thus, will
penalty. Also, according to Lt al., higher steam t0 biomass gppance the gasification temperature. The  increment

ratio cause |nprement In_steam pressure _and_ ceiugse lremperature will further assists in cracking of, tahar
reversible reaction shift towards the left, resigtdeclined in .o varsion and compensate the energy required hegr ot
Ha a_md.C.Q and increase Grand QHG contents [24]. Qn this endothermic processes [25]. Moreover, finding ofis th
basis, it is concludeq that a maximum _value _Of mm _Of experiment study in which the optimal point is atio of 1:1
steam at each experimental conditions is cruciah&ximize ., pe supported from the previous result foundFloyin et
the composition of blas the output. al. as the adsorbent to biomass ratio obtained is ajpately

Apart of being a C®adsorbent, the enrichment of, H
production is attributed by the catalytic effect diese
materials. Due to the catalytic effect possesseth®yCaO, tar
and hydrocarbon reforming will be further enhanded],

D.Effect of Adsorbent to Biomass Ratio 0.9 and thus, there is not much differences betweese two
[3].
Interaction "'°g;rM*gngas composition However, beyond the optimal condition, the excessotid
. sorbent to biomass ratio will bring an adverse iotgawards
60 . the H, production, as shown in Fig. 4. This is becaus®be
i the optimal point, most of supplied CaO will be emcted and

551 the heating and decomposition of the excessiveestsbwill
reduce the reactor temperature and subsequentlyceethe
H, yield [25]. As reported in the literature, the stien of
suitable adsorbent to biomass ratio is highly ddpaton the
energy balance between regenerator and gasifiegetta
product, type of biomass, activity of catalyst, wasll as
efficiency of CaO-based adsorbent [8].

504

Mean

45

40

0 1 2 E. Effect of Heating Rate

adsorbent:biomass

Interaction Plot for H2 gas composition
. . . . Data Means
Fig. 4 Interaction plot of mean,Hyield versus adsorbent/biomass

ratio (Unit for heating rat&C/min) 60- ——

steam: biomass
0

Based on Fig. 4, the introduction of CaO adsorlréotthe 554
steam gasification system was proved to enhanceHthe | _
composition in the product gas, especially at tiating rate of | & %1
20°C min! and 106C min®. However, drastic declined of,H
production was shown at the heating rate C5Min*, when
varying adsorbent to biomass ratio of 0 to 1. Th il
circumstances might be attributed by the unsuitgtecess . .
parameters (combination of heating rate, steanicimass fed 20 heating rate 10
and adsorbent to biomass ratio) for the gasificaimcess to
occur. The increment of Hyield can be explained by the
movement of water-gas shift reaction according lte te
Chatelier principle. Due to the CaO carbonatiorctiea, the  According to Fig. 5, Hyield increase with the increment of
partial pressure of product G@ lowered, making the processheating rate from 50 to 160 min* as the steam to biomass
to be shifted forward and results an improvementHaf ratio increase from 0 to 2. Based on Fig. 1, Figar® Fig. 5
production [4]. respectively, the greatest, production is at heating rate of

100°C min®. The findings from this research study are paralle

45

Fig. 5 Interaction plot of meanyhlield versus heating rate (Unit for
heating rat€C/min)
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with the recent work by Fushinet al. whom states that the,H
yield increased with the enhancement of heating baicause
there will be a rapid evolution of volatiles due bmnd

breaking of biomass samples and subsequently, peodu
porous char which has high reactivity to enhaneer#faction
rate [26]-[27]. Table 4 summarizes the effect oétivgg rate
towards the coal’s porosity.

TABLE IV
EFFECT OFHEATING RATE TOWARDS THEPOROSITY[27]
Conditions Specific BET surface
Coal ] pore volume  area (ig?)
Temperature Heating rate (cm3g'1)
SS005: 1473K 10 K/min 0.00473 4.92
high )
volatile Rapid 0.01531 16.3
bituminous 1673 K 10 K/min 0.00799 4.94
coal
Rapid 0.06822 61.9
SS021: 1473K 10 K/min 0.0026 3.19
medium .
volatile Rapid 0.00296 3.02
bituminous 1673 K 10 K/min 0.00504 4.91
coal
Rapid 0.00717 6.61

Basically, heating rate of the gasification procissknown
to have an influence on the surface morphologhefsamples
and their reactivity during the process [28]. Tliere, it is
reported that slow heating rate produces smoothstofaces
meanwhile at the rapid and high heating rate; ramghporous
structure was obtained. The scenario is attribbtethe drastic
release of volatile matter during the initial pysb
(decomposition of the biomass samples) [29]. Iditamh,

Fushimi et al. reported that rapid heating increased thé!

reactivity of char in steam gasification due tonfiation of
macropore on the char surface; prevent char agghiioe
and condensation of fragments onto the char suffgle
Therefore, it can be concluded that rapid heatatg favor
the steam gasification of the biomass samples amplete the
conversion of volatiles into low molecular weigtasgs (i.e.

H,, CO, CH, and CQ) at the low temperature during the

initial biomass devolatilization steps. Hence, iineestigation
on the impact of heating rate on the evolution a$ gutput
during the steam biomass gasification is very irtgrar

IV. CONCLUSION

Product gas composition through the steam gagsdicaif
biomass samples, PKS was examined and evaluatedgtir
TG-MS analysis by varying three process parametarsely
heating rate, steam to biomass fed ratio, and hdabrto
biomass ratio. The effect was captured in termsHgf

production and vyield throughout the process. Frdm t

analysis, more than 60% of PKS samples were catéotH

conversion of volatiles into gases and the otherpgarameters
will enhance the reforming and water-gas shift tieac By
capturing CQ, the H production was enhanced since the
water-gas shift reaction is shifted forward. Meaiyhthe
enhancement of COsorbent in terms of flowability and
floodability was demonstrated by the modified Ca@e study
of powder characteristics is vital especially ire timdustrial
production as it will affect the material handlingocess.
Overall, biomass represents clean and renewahbeiness for
the H, production, provided that the steam gasificatioocpss
is accompanied with in-situ G@apture.

ACKNOWLEDGMENT

The author gratefully acknowledges the financigbpsart
from Petroleum Research Fund of PETRONAS (PRF) and
Universiti Teknologi PETRONAS to conduct the cutren
research work.

REFERENCES

B. C. R. Ewan, and R. W. K. Allen, “A figure of niieassessment of the
routes to hydrogen/fht. J. Hydrogen Energy, vol. 30, pp. 809-819, July
2005.

B. Dou, V. Dupont, G. Rickett, N. Blakeman, P. Tilll&ms, H. Chen,
et al., “Hydrogen production by sorption-enhanced steafarming of
glycerol,” Bioresour. Technol., vol. 100, pp. 3540-3547, July 2009.

N. H. Florin, and A. T. Harris, “Enhanced hydrogeroduction from
biomass with in situ carbon dioxide capture usirgjciom oxide
sorbents,’Chem. Eng. ci., vol. 63, pp. 287-316, January 2008.

N. Howaniec, and A. Smaiski, “Steam gasification of energy crops of
high cultivation potential in Poland to hydrogeokri gas,” Int. J.
Hydrogen Energy, vol. 36, pp. 2038-2043, February 2011.

W. Jangsawang, A.K. Gupta, K. Kitagawa, and S.Ce, L¥igh
temperature steam and air gasification of non wdodynass waste,”
As. J. Energy Env., vol. 8, pp. 601-609, 2007.

S. Choi, J. Drese, and C. Jones, “Adsorbent méddacarbon dioxide
capture from large anthropogenic point sourc€aémSusChem, vol. 2,
pp. 796-854, September 2009.

T. Hanaoka, T. Yoshida, S. Fujimoto, K. Kamei, Marblda, Y. Suzuki,
et al., “Hydrogen production from woody biomass by stegasification
using a CQ sorbent,”Biomass Bioenergy, vol. 28, pp. 63-68, January
2005.

L. Wei, S. Xu, J. Liu, C. Liu, and S. Liu, “Hydrogeproduction in
steam gasification of biomass with CaO as a @Bsorbent,"Energy
Fuels, vol. 22, pp. 1997-2004, May 2008.

M. R. Mahishi, and D. Y. Goswami, “An experimentsiudy of
hydrogen production by gasification of biomass fe presence of a
CO;, sorbent,” Int. J. Hydrogen Energy, vol. 32, pp. 2803-2808,
September 2007.

S. Lin, Y. Suzuki, H. Hatano, M. Oya, and M. Haradanovative
hydrogen production by reaction integrated novelifgation process
(HyPr-RING),” J. S Afr. Inst. Min. Metall., vol. 101, pp. 53-59,
January/February 2001.

[11] R.L.Carr, “Evaluating flow properties of solidsChem. Eng., vol. 72,
pp. 163-168, January 1965.

[12] B. Rumela, K. Muthukumarappan, and K. A. Rosentrafowards an
understanding of DDGS flowability characteristias,” 2007
CSBE/ASABE North Central Intersectional Conf., Fargo, ND, Paper
:RRV07148.

[13] D. McGlinchey, Bulk Solids Handling: Equipment Selection and
Operation. Oxford, UK: Blackwell Publishing, 2008.

(1]

[2

(3]

[4]

(5]

(7

(8]

[10]

with combination of heating rate at @) steam/biomass of [14] V. Ganesan, K. Muthukumarappan, and K.A. RosentrdEfect of

2:1 ratio, and adsorbent/biomass of 1:1 ratio. @&l the
parameters in general are very significant bec#usédeating
rate will assist the devolatilization of the biomaamples and

moisture content and soluble level on physical,ndbal and flow
properties of distillers dried grains with solubl@@DGS),” Cereal
Chem,, vol. 85, pp. 464-470, July/August 2011.

803



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:6, No:8, 2012

M.T. Arpin, and S. Yusup, “Enhancement of calciuride (CaO) for
carbon dioxide (Cg@ capture,”Can. J. Pure Appl. ., vol. 5, pp.
1391-1397, February 2011.

J. Adanez, V. Fierro, F. Garcia-Labiano, and Jadas, “Study of
modified calcium hydroxides for enhancing 8®moval during sorbent
injection in pulverized coal boilers,Fuel, vol. 76, pp. 257-265,
February 1997.

H. Gupta, and L. Fan, “Carbonation-calcination eyalsing high
reactivity calcium oxide for carbon dioxide sepamatfrom flue gas,”
Ind. Eng. Chem. Res., vol. 41, pp. 4035-4042, July 2002.

C. Franco, F. Pinto, I. Gulyurtlu, and I. Cabritéhe study of reactions
influencing the biomass steam gasification proteBsgl, vol. 82, pp.
835-842, May 2003.

X. Xiao, D. D. Le, L. Li, X. Meng, J. Cao, K. Moha, et al.,
“Catalytic steam gasification of biomass in fluieiz bed at low
temperature: Conversion from livestock manure cashpo hydrogen-
rich syngas,”Biomass Bioenergy, vol. 34, pp. 1505-1512, October
2010.

S. F. Wu, T. H. Beum, J. I. Yang, and J. N. Kimidjerties of Ca-base
CO;, sorbent using Ca(Obl)s precursor,Ind. Eng. Chem. Res., vol.
46, pp. 7896-7899, October 2007.

J. Herguido, J. Corella, and J. Gonzalez-Saiz, dt8tgasification of
lignocellulosic residues in a fluidized bed at a#rpilot scale. Effect of
the type of feedstock,Ind. Eng. Chem. Res., vol. 31, pp. 1274-1282,
May 1992.

B. Acharya, A. Dutta, and P. Basu, “An investigatiinto steam
gasification of biomass for hydrogen enriched gasdpction in
presence of CaO,Int. J. Hydrogen Energy, vol. 35, pp. 1582-1589,
February 2010 .

S. Chen, D. Wang, Z. Xue, X. Sun, and W. Xiang, |t@en looping

gasification for high-concentration hydrogen prdibre with COQ

capture in a novel compact fluidized bed: Simulatemd operation
requirements,”Int. J. Hydrogen Energy, vol. 36, pp. 4887-4899,
February 2011.

S. Luo, B. Xiao, Z. Hu, S. Liu, X. Guo, and M. Helydrogen-rich gas
from catalytic steam gasification of biomass inixed bed reactor:
Influence of temperature and steam on gasificgtienformance,’Int. J.
Hydrogen Energy, vol. 34, pp. 2191-2194, February 2009.

H. Guoxin, and H. Hao, “Hydrogen rich fuel gas protion by
gasification of wet biomass using a £€€brbent,”Biomass Bioenergy,
vol. 33, pp. 899-906, May 2009.

C. Fushimi, K. Araki, Y. Yamaguchi, and A. TsutsyniEffect of
heating rate on steam gasification of biomass. dacRvity of char,”
Ind. Eng. Chem. Res,, vol. 42, pp. 3922-3928, July 2003.

C. Luo, T. Watanabe, M. Nakamura, S. Uemiya, andK®djima,
“Gasification kinetics of coal chars carbonized endapid and slow
heating conditions at elevated temperaturd,” Energy Resour.
Technoal., vol. 123, pp. 21-26, March 2001.

F. Mermoud, S. Salvador, L. Van de Steene, anddfieg “Influence

of the pyrolysis heating rate on the steam gasiinaate of large wood
char particles,Fuel, vol. 85, pp. 1473-1482, July-August 2006.

H. Liu, H. Zhu, L. Yan, Y. Huang, S. Kato, and T.ojina,
“Gasification reactivity of char with Cfat elevated temperatures: The
effect of heating rate during pyrolysigsia-Pac. J. Chem. Eng., DOI:
10.1002/apj.483, July 2010.

804



