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ABSTRACT

Fast pyrolysis is suited for conversion of biomass to liquid fuel in the
absence of air/oxygen with char and pyrolysis gas as co-products. Nitro-
genisusually used as carrier gas and pyrolysis gases include carrier gas
and non-condensable gas. To increaseits economic potential of the bio-oil
production process, a pyrolysis gas recycling unit was proposed in this
study. The pyrolysis gas can be recycled and the fresh carrier gas can be
added in this unit. The experiment of biomass fast pyrolysis using the
pyrolysis gas recycling unit was carried out in afluidized bed reactor with
the wood sawdust as feedstock. The recycling pyrolysis gas fraction com-
positions were analyzed and compared with the different operating condi-
tions and its effects on the product yields and the bio-oil properties were
also investigated. The results show that the operating condition where
new N,added rate is 12.79v% per hour and the excess pyrolysis gas dis-
charged to balance the system flow rate can obtain the economic and safe
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operation of bio-oil production.

INTRODUCTION

Biomassisavailablein abundanceandischegpand
itsbetter utilizationisto convert it to energy rich prod-
uctsusing suitable processes™. Interest in producing
liquid fuel sfrom biomassisincreasing worldwidefor
the reason that bio-oil is easy to transport and store.
Biomasscan convert directly into bio-oil by therma de-
composition in absence of oxygen with char and py-
rolysis gas as co-products?4. There have been more
than 300 compoundsidentified in different bio-oil de-
rived from biomassfast pyrolysis®. Bio-oil obtained
from fast pyrolys sof biomasshasthepotentia to sub-
stitutefor fossil liquid fue safter itisupgraded by cata

© 2012 Trade Sciencelnc. - INDIA

lytic hydrogenation, catalytic cracking or steam reform-
ing®?.

In recent years, many reactors and processes have
been investigated and devel oped to the point where
biomassfast pyrolysisisnow an accepted feasibleand
viablerouteto renewableliquid fuels, chemicasand
derived products. It has been suggested to carry out
fast pyrolysisin decentralized plantsand to usethe pro-
duced bio-oilsin centraized larger chemica plants, then
storage and transport’®*¥, These advantages have
caused greater attention to be paid to fast pyrolysis,
leading to Sgnificant advancesin process devel opment.
Four conditionsarerequired infast pyrolysisincluding
medium temperatures, high heating rates, short vapor
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residencetimesand fast condensation of vaporsto ob-
tanardatively highbio-oil yidd. Theeffectsof pyroly-
sisparametersincluding pyrolysistemperature, types
of biomassand particlesize, heating rate and carrier
gasflow rate have been well studied™7. Whilemost
of their experimentswere conducted using inert atmo-
spheresuch asN2 which continualy flowed from bot-
tomtotop in order to keep biomassand sand not only
bubbling in the bed but a so in the absence of oxygen.
The pyrolysis gas as co-products would be polluted
environment and increased experiment’s cost if it was
exhausted to theair. In order to increase the economic
potential of theprocess, it hasbeen suggested that the
char wasburnt to providethe heet for pyrolysisand the
pyrolysisgaswasrecycled ascarrier gasin pilot plant-
scaleand large-scale plantg 24,

Themain composition of thepyrolysisgasis CO,
CO2, CH4, H2 and someother light hydrocarbons. H.
Zhang et al.1”? carried out the experiment using N,
CO2, CO, CH4 and H2 ascarrier gasesin the biom-
assfast pyrolysisin afluidized bed reactor. Thediffer-
ent atmospheres effects on the product yieldsand the
bio-ail fraction compositionswereinvestigated. While,
the pyrolysisgasrecycled ascarrier gasfor the biom-
assfast pyrolysishasnot been detail investigated inthe
past.

Inthiswork, arecycling pyrolysisgasunit waspro-
posed in which the pyrolysisgas can berecycled and
thefresh carrier gas can be added. The experiment of
biomassfast pyrolysiswiththedifferent pyrolysisgas
recirculationswas carried out in afluidized bed reactor
using wood sawdust asfeed stocks. Therecycling py-
rolysisgascomposition was anayzed for different op-
erating conditions, and it effected onthe product yields
and thebio-oil propertieswereinvestigated. The de-
gred pyrolysisgasrecycling condition, therecycling flow
rate of the pyrolysisgas and the flow rate of fresh N,
added werea so investigated.

EXPERIMENTAL APPARATUSAND PROCE-
DURES

Experimental set-up

Thefluidized bed system for the biomassfast py-
rolysiscapacity of 10 kg/h was set up. It mainly con-

ssted of thefeeding unit including astoragehopper with
theautomati c shakemechanismwhich aready described
inour previouswork!?¥, and two feeding screwswith
their motorsand frequency controllers, agaselectric
heater, afluidized bed reactor, two cyclone separators,
four water condensers, apyrolysisgasrecycling unit
and a temperature and pressure control system, as
showninFigurel.

Pyrolysisgasrecyclingunit

Figure 2 showsaschematic diagram of the pyroly-
sisgasrecyclingunit. It mainly consisted of arecycling
gas storage vessel-1 with pressure gauge and safety
valveonit, acycle compressor, an export buffer ves-
sel-2 with pressure gauge and safety valveonit, and
thefour flow metersfor measuring the gasflow rate of
inlet, outlet, exhaust and thefresh N, added, respec-
tively. Thevessel, the connecting pipeand its associ-
ated spare partswere made of 316 stainlesssteel. A
pieces of wire netting(200 mesh size) was|ocated at
the bottom of thetwo vessd sto separate the condens-
ableliguidwhichwill bedischarged by thebottomvave
of thevessdls. In order to control the operating pres-
sureof thebiomassfast pyrolysissystem, aninterlock-
ing devicewas set between therecycling gas storage
vessel and the cycle compressor. When therecycling
gaspressureinthevessal-1 was higher than the oper-
ating pressure of thebiomassfast pyrolysissystem, the
cyclecompressor started up or stopped running other-
wise. Theair inlet used in the heating process at the
beginning of experiment. While, theN, inlet canbeused
it asadded gaswhen the pyrolysisgasflow rate from
the cyclecompressor islower than that need.

Experimental procedure

The biomassused in the experiment wasthe pine
sawdust whichwasdried at 100°C for 8 hours before
experiment; themain properties of the sawdust after
drying areshownin Tab. 1. At the beginning of tests,
10kg of the pine sawdust was poured into the hopper.
Nitrogen was utilized in theexperimentsascarrier gas
and added gas.

Firstly, the electric heater started to heat the air.
Theflow rateof air was controlled to 160 I/min. After
the desired temperature (550°C) wasreached and sta-
bilized, the sameflow rate of nitrogenreplacedtheair
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Figurel: Schematicdiagram of afluidized bed system for thebiomassfast pyrolysis.
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Figure?2: Schematic diagram of apyrolysisgasrecycling unit.
TABLE 1: Main characteristicsof the biomass

Description Physical properties Chemical composition
Biomass Particle Size Moisture Density Cellulose Hemi-cellulose Lignin
(nm) (Wt.%) (kgm™) (Wt.%) (Wt.%) (Wt.%)
Pine Sawdust 200~300 5.9 188 46.56 35.64 16.45

from thereactor and permitted the pyrolysisreaction
under anaerobic condition. The biomassstoredin the
hopper passing thefirst and second screw inturn flowed
into thefluidized bed reactor, two screw feedersrun-
ning at the speed of 11rpm, 200rpm separately, which
the average feeding rate was 10K g/h. The biomass
decomposed to the vapor productsin fluidized bed,
and then the vaporswere passed through two cyclone
separatorswherethe char was separated from theva
por. After that, the vapor through four water condens-
erswascooled and flowed into theliquid productscol-
lectors, asshow in Figure 1.

The experimentswere conducted in three operat-
ing conditions: thefirst, nitrogen wasused as carrier
gasand al the pyrolysis gaswasexhausted. The sec-
ond, al the pyrolysis gaswas recycled using the py-
rolysisgasrecyclingunit. Thethird, apart of pyrolysis
gaswasdischarged and the fresh nitrogen was added
to need theflow of the operating system. Therate of

theall gasesflowinginand out the pyrolysisreaction
system was continuoudy measured by theflow meter.
Thepyrolysisgas, liquid and char productswere col-
lected every 10 minutes under the three experiment
conditions,

Productsanalysis

Andys sof thepyrolys sgascompositionwastaken
using GXH-3011 infrared ray analyzer and gas chro-
matography CP-3380 madein USA VARIAN at the
condition of 5A molecular sieve chromatographic col-
umnwith TCD detector, at the column temperature of
80°C, detector temperature of 130°C, injection port
temperature of 50°C and a constant column flow of
30ml/minof High-purity Argon. Theraeof the gasflow-
inginand out the biomassfast pyrolysissystemwasto
caculatethevolumeof pyrolysisgasyield by themea
surement of theflow meter. Theflow rate of the gases
was used vortex Flow meter (Type: LUGB-1000. Ac-
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curacy range: £0.5%).

Theyield of bio-oil and char productswas cal cu-
lated through of products divided by the feedstock
weight. Thewater content of thebio-oil ismeasured by
Karl Fisher analysiswith aRadiometer Tim 55024, The
viscosity was measured with a rheometer (Type
RFS11). Thedensity is cal cul ated from the measure-
ment of the mass of a certain volume of oil at room
temperature. ThepH ismeasured by asmple PH meter
of PHS-3C.

All theexperimentswere performed under thesame
pyrolysisparametersincluding pyrolysistemperature,
typesof biomassand particlesize, heating rate and car-
rier gasflow rate. Each experiment was repeated three
timesto determinethereproducibility.

RESULTSANDANALYSIS

Nitrogen ascarrier gas

Thisexperiment was performed under the condi-
tionwhichthecarrier gasused nitrogen and dl the py-
rolyssgaswasexhausted. Theexhausted pyrolysisgas
temperaturewhich directly measured fromthelast wa-
ter condenser was 25°C. Figure 3 showsthepyrolysis
gas composition determined by CG inthiscondition.
Themain composition of thepyrolysisgasisH2, O,
N,, CH4, CO, CO2 and some other light hydrocar-
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Figure3: Thepyrolysisgascomposition wherethecarrier
gasused nitrogen
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bons. From theanalysisof al thesmple, theaverage
volume content of the main composition is 0.86%,
0.73%, 91.3%, 1.2%, 2.35%, 2.61%, and 0.95%, re-
spectively. Theincreaserate of theno-condensablegas
1S14.4 % per hour from cal cul ating theflow rate of the
gasinlet and outlet of thesystem. Therewas O, existed
inthe pyrolysisgasin our experiments, it may befrom
biomassfeeding process or produced from pyrolysis
reaction process. Thetotal consumption of theN, was
9,6001/hinthisprocess.

Theyieldsweight of thebio-oil and char werecal-
culated. Becausethebiomasscompostionisavery com-
plex mixture, the mainbio-oil characterswasmessured
for thedensity, viscosity, pH, and water content. The
results shown that wood sawdust fast pyrolysisunder
this condition gave atotal bio-oil yield of 65.6wt%,
and the char produced was 20wt%. Thedensity of bio-
oil produced was measured by density measurement
that wasaround 1.23g/ml. Theviscosity of bio-ail pro-
duced wasfoundto be 2.51 cP at 30°C. Karl-Fischer
titration method was used for measuring thewater con-
tent inthebio-oil. Thewater content was 17.2 wt%.
ThepH of thebio-oil product inthiswork wasfoundto
be 4.0.
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Figure4: Fraction compositionsvolume content of theno-
condensablegaswith different timesunder pyrolysisgasre-
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Thesecond experiment was conducted with the con-
ditionthat all the pyrolysisgaswasrecycled. Accord-
ingtofirst experimenta condition, the no-condensable
gasincreaserate is 14.4% per hour, which must be
exhausted to providesteady flow ratefor the operating
process.

Asacomparisonwith thefirst experiment, Figure4
showsthefraction compositionsvolume content of the
no-condensable gaswith different times. It shown the
main composition of recycling pyrolysisgaswasthe
sameasthefirst condition, but thevolume content had
changed, and theincreaserate of the no-condensable
gasisabout 16.2% per hour under thisexperiment con-
dition. Thisphenomenon can be explained that, with
therecycling of pyrolysisgas, H,, CO, CO,,andCH,
could take part in the reaction of biomass pyrolysis
caused thevolume proportion of nitrogen reduced and
otherscomposition increased and the more pyrolysis
gasyielded inthesystem. It also shownthat CO, CO,
took great amount in the no-condensablegas. Therea-
sonisthat therewere thereversiblereactions occurred;
itwaseasily to get thereactionsto produce CO, CO,,
O, composition also existed inthepyrolysisgas. The
total consumption of theN, was 1,600 |/hinthis pro-
Cess.

Biomassfast pyrolysisunder all thepyrolysisgas
recycling conditiongaveatotd bio-oil yidd of 63.8wt%,
whichislower comparedto N, atmosphere. The char
produced is aso about 20wt%. However, the water
content inthebio-oil product was 19.3wt.% whichis
bigger changesthanthe oneof thefirst experiment. This
can beexplained that theincreasing H, intherecydling
gascould product more water with respect to nitrogen
atmosphere. Thedensity, viscosity and pH of bio-oil
produced are1.18 g/ml, 2.45¢P, 4.0, respectively, which
changeissmall compared to thefirst experiment.

A part of pyrolysisgasrecycled and thefresh ni-
trogen added

Therecycling pyrolysisgaseffected ontheliquid
product propertiesand pyrolysisgascompostionswere
evidencefromthe above experiment. It wasca culated
that thevolume content reductionrateof N, intherecy-
clinggasis12.79v% per hour from the second experi-
ment condition. Therefore, the experiment was per-
formed with 12.79v% per hour of fresh N, added and

BioTechnology —

the excessvolume of pyrolysisgasexhausted to bal -
ancetheflow of therecycling gas. Theresults show
that the pyrolysis gas exhausted flow rate of 21.32%
per hour cankeep the N, volume content steady inthe
recycling gas. Theexperimentsare shownthat thevol-
ume content of N, isstabilizing at 89.96% withinthe
operating time. It a so shown theincreaserate of the
no-condensable gas was 14.9 % per hour. CO, CO,
havealittleincreas ng and the other mgjor components
stabilize respect tothefirst experiment, asshow inFig-
ureS. Thetotal consumption of theN, was1,8341in
thisprocess, thereduction rate of the N, consumption
1580.89%.
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Figure5: Fraction compositionsvolume content of theNo
condensable gaswith different timesunder thethird condi-
tion

Thebio-oil and the char yieldswere 65.1wt% and
20wit%, respectively. Thewater content in the bio-oil
product was 17.8 wt%. Thedensity, viscosity and pH
of bio-oil produced were 1.22 g/ml, 2.50cP, and 4.0,
respectively. The bio-oil characteristics had alittle
change comparisonto thefirst experiment. It isshow
that theeffect of thiscondition onthepyrolyssgascom-
position and the bio-oil propertiesislower compared
to the second experiment.

H,, CO, CH, mixed with atmospherethey will be
explosive, and theexplosionlimitsare: 4.1%-74.2%,
12.5%-74.2%, and 5.3%-14%, repectively. Wheress,

Hn Tudian Jounual



BTAIJ, 6(1) 2012

Jun Zhang et al. 11

————, FyurL PAPER

thelittle or absence of O, and highly presence of N,
stayed in hermetica ambiencegot therecycling pyroly-
sisgassafety inthe operating process. The operating
pressure control would be the main safety factor to
congder.

CONCLUSIONS

Thepyrolys sof wood sawdust wasperformed with
threekindsof experiment conditions. Theeffectsof the
recycling pyrolysisgas on the product yiel ds, the py-
rolysisgascompositionsand thebio-oil propertieswere
studied. At the pyrolysis gasrecycling condition, the
flow rate of the no-condensable gas wasincreaseto
16.2%. Themain composition of therecycling pyroly-
sis gas was the same but the volume content was
changed. Thewater content in thebio-oil product was
19.3wt% whichwasthemainly changesof thebio-ail.
Theexperiment wascarried out whichthepyrolysisgas
exhausted rate of 21.32% per hour can keep the N,
volumecontent intherecycling gas. The effectsunder
thisoperating conditiononthebio-oil yield and itsprop-
ertiesarevery smal, and thisoperating condition was
safe. The total consumption of the N, can reduce
80.89% using the pyrolysisgasrecyclingunit. Thein-
vestigating resultscan providefoundation datafor large-
scaeplant operation.
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