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Abstract: Biomass thermochemical processes result in a cantoyproduct char. The char is
also called biochar particularly when it is useda&®il amendment for soil health improvement.
Effective utilization of biochar is critical for iproving economic viability and environmental
sustainability of biomass thermochemical techna@sgipplication of biochar for both
agricultural and environmental benefits has beedistl and reviewed extensively. However,
there are limited reviews on other biochar applices, such as for catalysis and adsorption. This
paper provides an overview of recent advancesveraebiochar utilizations including its use as
catalyst, soil amendment, fuel cell, contaminasioaidlent, gas storage and activated carbon.
Discussions on biochar production methods, progeeind advanced characterization techniques
are also provided. Biochar is a valuable resouroeever, its effective utilization require further
investigation of its structure and properties, arethods to modify those.

Keywords: biochar; char; biochar application; biochar-basatlyst; adsorbent



1.1. Introduction

Biomass can be converted to biofuels and biopreduatthermochemical processes, such
as pyrolysis and gasification. The net carbon diex@missions from biofuel use are considered
zero or negative because the released W43 recycled from the atmosphere captured during
photosynthesis [1]. In addition, since biomass amsta low amount of sulphur and nitrogen,
combustion of biofuels leads to lower emissionkarimful gas, such as nitrous oxides ¢Né&nd
sulphur dioxide (S¢€), than most of fossil fuels [2]. Such advantagelsieomass make it a
promising renewable energy resource.

The major products from biomass thermochemicalgsses are syngas, bio-oil, biochar
and tar with yields that depend on the processg&yand bio-oil are considered as major
intermediate products that can be used to creats &lternative to conventional fuels. Numerous
studies have been conducted involving upgradinguitidation of syngas and bio-oil for various
applications [3-6]. Recently, biochar, a produonirbiomass thermochemical conversion, has
received increasing attention for use in severpliegtions. The most common biochar
application is soil amendment to mitigate greenkass emission and improve soil health. Other
applications include using biochar as a precursomfaking catalysts and contaminant adsorbents.
These new high-value applications are still inith@ancy, and further research and development
is needed to reach commercialization. Even thodigarcoal, a carbon material similar to biochar,
has been used for centuries, using biochar agtairsaisle material for these applications
(precursor of catalyst and contaminant adsorbants soil amendment) has only been studied in
last few years.

The potential to utilize biochar for various apptions depends on its properties. For
example, biochar with high electrical conductivipprosity and stability at lower temperatures is
preferred as electrodes material in microbial figdls [7]. Biochar containing relatively high
structural bound oxygen groups is preferred inadicarbon fuel cells [8]. Biochar with high

porosity and structural bound nitrogen groups &ered in the development of supercapacitors
3



[9]. Furthermore, the high surface area, low asitartt of biochar may be preferred as soll
amendments, although the relationship between aiqatoperties and its applicability as a soil
amendment is still not conclusive [10].

Reviews on biochar production, properties and @sgecially as a soil amendment, can be
found in other works [10-15]. Meyer et al. [15] imwed production methods, properties,
economics and environmental aspects of using biahaoil amendment. Laird et al. [16]
reviewed pyrolysis reactors for producing biochsedias a soil amendment. Several others
extensively reviewed effects of different pyrolysiethods on properties of biocharand its
impacts on soil [10, 12, 13]. Although, review aodtar properties and its specific application as
soil amendment is available in literature, reviawnew state of the art applications of biochar is
limited. This paper provides an overview of recamyances in utilization of biochar, especially
for applications other than soil amendment. Thiggpalso discusses production methods,
properties and new characterization techniquesaieatised to solve underlying problems in
identifying novel applications of biochar.

1.2. Biochar Production

Biochar is charred organic matter. The Internafi@achar Initiative defines
biochar as *“a solid material obtained from therthechemical conversion of biomass in
an oxygen-limited environment” [17]. Biochar isgaluced in solid form by dry
carbonization, pyrolysis or gasification of biomaasd in slurry form by hydrothermal
carbonization of biomass under pressure [11]. Talmperating conditions and char

yields of different thermochemical processes aoevshin Table 1.1



Table 1.1. Typical char yield from thermochemical pocesses

Temperature Residence time Char yield

Process Ref.
(°C) (s/h/min/days) (% of biomass)
Slow pyrolysis 400-600 min to days 20-40 [18-20]
Fast pyrolysis 400-600 ~1s 10-20 [21, 22]
Gasification 800-1000 5-20 s ~10 [15]
Hydrothermal carbonization 180-250 1-12 h 30-60 , 28

1.2.1. Pyrolysis

The most common method to produce biochar is pg®IyPyrolysis can be categorized
into slow pyrolysis and fast pyrolysis dependinglom heating rate and residence time. Slow
pyrolysis, also called conventional carbonizatjpmmduces biochar by heating biomass at a low
heating rate for a relatively long residence time o several days). This method has been used
to generate charcoal for centuries. On the othed Hast pyrolysis produces biochar at a high
heating rate (above 200 K/min) and short residéinee (less than 10 s). The major differences
between the two pyrolysis methods are the yieldsathar and bio-oil: fast pyrolysis favors
high yield of bio-oil while slow pyrolysis favorsdh yield of biochar.
1.2.2. Gasification

Gasification transforms biomass into primarily @g@us mixture (syngas containing CO,
H,, CO,, CH,, and smaller quantities of higher hydrocarbons3ugyplying a controlled amount
of oxidizing agent under high temperature (gretiten 700 °C). The typical biochar yield of
gasification averages about 10 wt.% of biomass25$, The oxidizing agent used in gasification
can be oxygen, air, steam or mixtures of thesesg@segasification produces syngas with low
heating values of 4-7 MJ/Nirwhile gasification with steam produces syngas wigh heating

values of 10-14 MJ/NR5].



1.2.3. Hydrothermal Carbonization

Hydrothermal carbonization (HTC) of biomass takies@ in water at elevated
temperatures (160-800 °C). Since the water temperad above 100 °C, the reaction pressure
also must be elevated (more than 1 atm) to maitiainvater in liquid form. Based on reaction
temperature, hydrothermal carbonization can beldt/into high-temperature HTC (between
300 and 800 °C and low-temperature HTC (below 30)0[26]. Since the reaction conditions of
high-temperature HTC (above 300 °C) are beyondtaility condition of most organic
compounds, the dominant reaction during high-teatpee HTC is hydrothermal gasification and
the dominant products are gases, such as methdrie/drogen [24]. Below 300 °C, gasification
is limited and carbonization of biomass to char ohates the reaction. Low-temperature HTC
can mimic the natural coalification of biomasshaligh the reaction rate is higher and reaction
time is shorter compared to the hundreds of yefaskow natural coalification of biomass. Char
yield of low-temperature biomass HTC varies from@®0 % depending on the feedstock
properties, reaction temperature and pressuree i€ requires water, this may be a cost-
effective biochar production method for feedstoaiks high moisture content [9].
1.3. Applications of Biochar

The most appealing feature of biochar is the faat it represents an inexpensive,
sustainable and easy-produced process allowingrdtiiction of materials with extensive
applications at a lower cost compared to matefiala petrochemical or other chemical
processes. Even though most of the applicationstalren their infancy, biochar can already be
used in many applications with extraordinary eBed@those applications include soil amendment,
catalysis, water purification, and energy and gasage. Table 1.2 summarizes the primary

advantages and disadvantages for each biochacaffi.



Table 1.2. Primary advantages and disadvantages wérious biochar applications

Application Purpose Advantage Disadvantage Referen
ces
Catalyst Syngas Easy to recycle Relative low efficiency [27-30]
cleaning, supported metal, co- and low abrasive
biodiesel catalyst, resistance compared
production, low cost with commercial catalyst
Fischer-
Tropsch
synthesis
Sail Carbon Low cost, sustainable Possible heavy metal  [12, 31,
amendment sequestration, resource, retain water and PAHs contaminant 32]
soil quality and nutrient, reduce
improvement  fertilizer
consumption, reduce
greenhouse gas
emission and nutrient
losses
Fuel cell Fuel for fuel  Renewable fuel High ash content, [33]
cell compared with coal relative low voltage and
power output
Sorbent of Adsorption of Low cost, abundant Effectiveness of [11, 34,
contaminant organic and sustainable organic/inorganic 35]
contaminants resource, and contaminants
and heavy oxygenated groups onremediation is still
metals present biochar surface uncertain, and
in soil and facilitate adsorption  persistence of heavy
water metals
Storage CO, Low cost, abundant Require surface [36-39]
material sequestration, and sustainable treatment
H, storage resource, high
recyclability
Activated Precursor for  Low cost, abundant Properties vary with [39, 40]
carbon making and sustainable different precursors,
activated resource may not produce desired
carbon granular or spherical

activated carbon

1.3.1. Biochar as A Precursor for Making Catalyst
1.3.1.1. Catalyst for Syngas Cleaning

Syngas produced from gasification of biomass castaiconsiderable amount of tar that
is detrimental to downstream processes [41]. Thedmponents are categorized into four groups

as follows [42]:



* Primary tar is released from pyrolysis of biomasie oxygenated compounds as found
in bio-ail).

e Secondary tars are phenolic and olefin made frooom@osition of primary tar.

» Alkyl tertiary tar is aromatic hydrocarbons.

e Condensed tertiary tar is poly aromatic hydrocasbon

Several methods are available to remove syngasaater or oil scrubbing, thermal
cracking (decompose tars at sufficiently high terapges, typically greater than 1000) and
catalytic cracking [42]. Water and Oil scrubbingulk in waste water and oil that require
appropriate treatment. Thermal cracking is enenggrisive, unable to crack refractory tars and
may encourage formation of carcinogenic polyarociaydrocarbons. Catalytic cracking of tar is
considered to be the most promising technologgyogas cleaning. Catalytic cracking can be
achieved at low temperatures (less than“@@)0and thus requiring less energy and can achieve
high tar removal efficiency (more than 90%) by gsitppropriate catalysts.

Traditionally, dolomite and metal-based catalyséswesed for syngas cleaning. Use of
biochar for tar removing also appears promisingegent studies [43-46]. Biochar can be used for
syngas cleaning as a catalyst directly with novaatnetal loading or as a support for active metal
[47]. The catalytic activity of biochar for tar elination is related to its pore size, surface area,
and mineral content. Mani et al. [29] used pin&ktmochar as a catalyst in catalytic
decomposition of model tar (toluene). Using rawediark biochar, generated by slow pyrolysis
(950°C), to decompose toluene over a temperature rang@02900 °C in the presence of steam,
researchers showed that the fractional tolueneersion increased from 13 to 94% when
temperature was increased from 600 to 90T he activation energy (91 kJ/mol) and removal
efficiencies of pine bark biochar were comparabléhat of synthetic catalysts (e.g., 80.24kJ/mol
for Ni/Mayenite and 196 kJ/mol for olivine). EI-R@ al. [43] compared biochar to other

catalysts such as dolomite, olivine, nickel, FC@lgats, and ash using the model tar compounds
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phenol and naphthalene in a fixed bed reactor.fgipperformed satisfactorily (with conversion
efficiencies of biochar and dolomite at 90 and 608spectively) for naphthalene conversion
among the low-cost catalysts.

Shen et al. [48] used Ni-Fe catalyst supportedamnhusk biochar as an in-bed catalyst
for in-situ catalytic conversion of tars during bass gasification. The biochar-supported Ni-Fe
catalyst was prepared by incipient wetness impriggmaf Ni and Fe on biochar using
Fe(NGy)s- 9H,0 and Ni(NQ),- 6H,0O. The biochar was produced by slow pyrolysis of hiusk at
700°C in a N atmosphere. After impregnation, the biochar-sumgubciatalyst was dried and
calcined in air at 600 °C for 1 h. Volatile gas wasduced and in-situ reformed in a two-stage
pyrolyzer with a sintered quartz porous plate fikeside to support the catalyst under 8G0
Shen et al. [36] proposed that biomass tar couldimoved effectively in this set up by mixing
with the char-supported catalysts. The condengableould be catalytically reformed into the
non-condensable tars and permanent gases. Amontyfms of catalysts studied (Ni/char,
Fe/char, Ni-Fe/char with calcination and Ni-Fe/cWéhout calcination), Ni-Fe/char without
calcination and Ni-Fe/char with calcination shovirsgghest removal of condensable tar (about
92.3% and 93%, respectively).

Biochar plays multiple roles in functioning of biwr-supported metal catalysts. Firstly,
biochar acts as a reduction media converting noeddes into metallic state, thus enhancing the
catalytic performance. Secondly, biochar has calgsttand adsorbents effects to adsorb metal
ions and tar for enhancing the tar reforming preces
1.3.1.2. Catalyst for Conversion of Syngas into Ligid Hydrocarbons

Fischer—Tropsch synthesis of biomass-derived sytlguid hydrocarbons is one of
feasible ways to produce liquid fuel from biomddsing efficient catalyst is critical for Fischer—
Tropsch synthesis process. Yan et al. [49] devel@pebon-encapsulated iron nanoparticles

catalyst for the Fischer-Tropsch synthesis of b&s¥derived syngas to liquid hydrocarbons. The



catalyst was synthesized by thermal treatmentoofimpregnated pine biochar at 10@for 1 h.
Biochar was obtained from a typical fast pyrolysipine wood and treated with HN@
remove intrinsic ash and tar before impregnatidre Fischer—Tropsch synthesis results showed
that the biochar-based iron nanoparticles cathlydtan efficiency of converting syngas into
liquid hydrocarbons (CO conversion rate over 90% laquid hydrocarbon selectivity as high as
70%), which is higher than other reported carbgpsued iron catalysts for Fischer-Tropsch
synthesis of syngas (2 to 88% CO conversion ande®% liquid hydrocarbon selectivity) [49].
This catalyst also had a very high deactivatingjtstfmaintained CO conversion over 90% and
liquid hydrocarbon selectivity at about 68% ovel's®0 h testing period). The author postulated
that the high deactivating ability and conversiaterfor catalytic conversion of this biochar-
based iron encapsuled catalyst is related to thagmetal-carbon support interaction between
the biochar support and the supported metals. ifitd@saction, which was occurred during the
thermal treatment of catalyst at 10@) created C—Fe chemical bonds, and cementingjFad
CFeas, formed between the graphite shell and the iroe.deinally, a highly stable core-shell
nanocomposites composed ofeaimon core, a carbide interface layer and an ogitephite layer
were formed, which make metal iron active sitel/fphcked and prevents active sites from
sintering.
1.3.1.3. Solid Acid Catalyst for Biodiesel Productin

Heterogeneous and homogenous acid catalysts amausnused for esterification and
transesterification of vegetable oil or animalftatbiodiesel production [50]. With appropriate
treatment, biochar has proven to be a good prectosproducing heterogeneous acid catalysts
(also called solid acid catalyst) [28, 50, 51]. Techar-derived acid catalyst can be prepared by
sulfonating biochar with concentrated sulfuric aédhkhoda et al. [28, 50] successfully
prepared a biochar-based solid acid catalyst &mststerification of canola oil with alcohol and

oleic acid. The catalyst was prepared by first doally treating the biochar with 7M KOH and
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then sulfonating the biochar with concentratedwsidfacid. The use of KOH increased porosity
and surface area of the biochar. The catalyst ywalslup to 48.1% at high temperature (150 °C)
and pressure (1.52 MPa) for alkali-ester formatigth a mixture of canola oil and oleic acid.
The reusability of the catalyst was also high (tieacyield decreased only about 8% upon
reusing the catalyst).

Kastner el al. [30] prepared three biochar baséd aoid catalysts made from peanut
hulls, pine residues and wood chips and one aetivedrbon based solid acid catalysts using a
method similar to Dehkhoda et al. [28]. The sultedacarbons were tested for their ability to
esterify free fatty acids of vegetable oil and aadifat with methanol. All catalysts showed high
efficiencies in esterification of fatty acids (90@P%6 in conversion within 30-60 minutes) and
high reusability (can be reused for up to 7 cyeldh no significant loss in esterification).
Results by Kastner et al. [30] and Dehkhoda €P8]. showed that biochar based solid acid
catalysts with high surface area and acid delhsitiyhigh catalytic activity and reusability for the
biodiesel production. The high esterification aityiand reuse capability of biochar-based solid
acid catalysts is related to their particle strangydrophobicity, high surface area (1137gh
and sulfonic acid group density [28, 30].
1.3.2. Biochar as Soil Amendment

Several recent studies have highlighted the meltygnefits of applying biochar in soil
including mitigation of global warming by carborgsestration and improvement of soil health
and productivity [1, 12]. The benefits of usingdhiar as a soil amendment are summarized
below.
1.3.2.1. Mitigate Greenhouse Gas Emission

Use of biochar as a soil amendment results in atitg of greenhouse gas emissions
directly by sequestering solid carbon in the grofanchundreds or even thousands of years, and
indirectly by improving soil fertility and overadioil health. Improvement in soil fertility

stimulates plant growth which leads to addition@,€onsumption. Improvement in soil fertility
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also reduces the need for fertilizer input and tiealsicing carbon emissions during fertilizer
production, transporting and application. In adudttibiochar additions to soil may also reduce
emissions of other greenhouse gases, such@ahld CH, whose greenhouse effects are even
higher than that of CO Carbon emissions can be reduced by about O¢a¢3t year if 50% of
global crop residues and 67% of global forestridiess are used as pyrolysis feedstocks for
producing biochar as soil amendments [16]. Up @ 1? the total anthropogenic carbon
emissions could be off-set annually if crop resglwere converted into biochar through
pyrolysis, instead of direct burning, and used asibamendment [13].
1.3.2.2. Increase Soil Quality

Increase in agricultural productivity with the usfebiochar as a soil amendment can be
attributed to an increase in soil fertility pH icidic soils [52], soil cation exchange capacity
(CEC) [52] and improved soil microbial activity andtrient retention [12]. Increase in soil CEC
increases soil fertility by preventing soil nutdigfrom leaching through water movement and by
providing a nutrient reserve available to planttsotiang et al. [53] studied the effects of black
carbon (similar carbon based material like bioclbarjhe CEC of Anthrosols (a type of sail
formed with long-term human activity impact) andiol that CEC was up to 1.9 times higher in
Anthrosols with high black carbon than in the adjacsoils without the black carbon. The
underlying reason for impact of black carbon on G&Got well understood. However, Liang et
al. [53] speculated that improvement in CEC isteglao the oxidation of aromatic carbon and
formation of carboxyl groups or other functionabgps with a net negative charge. This is
thought to take place through two mechanisms: saréxidation of black carbon particles and
adsorption of highly oxidized organic matter onémbon surfaces [53]. Since biochar contains
nutrients, such as N, P, K, it can supply nutri¢athe soil directly. Moreover, biochar increases
soil fertility indirectly by increasing ability cfoil to retain nutrients [31]. Biochar also reduces
eutrophication potential of surface water bodiesrigimizing nutrient losses from soil. Laird et

al. [54] studied the impact of biochar on nutrikz@ching in a Midwestern agricultural soil and
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found that the addition of biochar substantiallgueed nutrient leaching [23]. Increase in nutrient
uptake by crops on biochar-amended soil in the Amaegion was due to improvement in soll
nitrogen retention capability [55]. Microbial comnities, especially mycorrhizal fungi, are
considered to be critically important for nutrieytcling. Biochar appears to stimulate soil
microbial activity [56] and increase fungi abundamnd functioning. Warnock et al. [57]
proposed the following hypothesis to explain inflae on fungi activity: “...biochar used as soil
amendment can alter soil physico-chemical properinglirectly affect mycorrhizae through
influence on other soil microbes, alter plant—-mykizal fungi signaling processes or detoxifies
allelochemicals leading to altered root colonizatiy mycorrhizal fungi, and provide refugia
from fungal grazers”. Zhang et al. [58] incorpothéesmall amount of char into soils to study the
biodegradation of benzonitrile and found that barotould stimulate biodegradation of
benzonitrile. Yu et al. [59] found that biochar apgtions in agricultural soils suppress plant
uptake of pesticides from soils, suggesting bidstaility to retain organic compounds.
1.3.3. Biochar as A Sorbent for Contaminant Reductin in Soil and Water

Biochar can help mitigate environmental issuesdoyaving pollutants from soil and
water. Biochar has been proven to be an effestivbent for some contaminants in soils [11].
Contrary to activated carbons, the surface areaost biochar is not high (less than 20tigh
that may limit its use as a sorbent in removingtaomnants. This is counterbalanced by the high
number of oxygenated groups, such as carboxyldxytirand phenolic surface function groups,
on the biochar surface. These oxygenated groups raven to be binding sites for soil
contaminants [19]. Sorption of organic contamindram water onto biochar occurs due to its
high surface area and microporosity; thereforeghmo produced at temperatures above 400 °C
(with higher surface area) is more effective thenthar produced below 400 °C in adsorbing
contaminants from water. Sorption with natural eoits, such as soil organic matter, occurs in
two major adsorbing domains (rubbery and glassiyg Jorption behavior in the rubbery domain

is partitioning, which is linear and noncompetitivéhereas the sorption behavior in the glassy
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domain is dominated by adsorption with pore-fillimgchanism and is nonlinear and solute-
solute competitive [60]. Biochar is, generally, agiroduct of complete carbonization
[61]. Carbonized fraction of biochar behaves aadsorption phase the glassy domain and
noncarbonized fraction behaves as partition phikeén the rubbery domain. Since the
carbonized fraction in biochar is increased with ithicreased pyrolysis temperature, partitioning
of organic contaminants into non-carbonized fractbbiochar is the major sorption mechanism
for biochar produced at low pyrolysis temperattess than 300 °C), whereas adsorption onto
porous carbonized fractions is dominant in bioghraduced at high temperatures (higher than
400 °C) [61].

Retention of heavy metals in soils in the presaridgochar has also been reported [34].
High surface area and microporosity of biochar [tagortant roles in sequestration of these
toxic chemicals by altering their bioavailabilityéeco-toxicological impacts. The mechanism of
adsorbing metal contaminants by biochar is alsatedIto oxygenated groups on the biochar
surface [19]. Uchimiya et al. [19] reported highake of heavy metals (Cu, Ni, Cd, and Pb) from
soil with biochar of high oxygen content made froottonseed hulls.
1.3.4. Biochar as Gas Adsorbents

The capture and storage of gd®one of the promising strategies to reduce CO
emissions. Gonzalez et al. [62] produced biomassdbaarbon adsorbents by a single-step
activation with CQ from olive stones and almond shells for post-costibn CQ capture. The
main challenges of capturing post-combustiory @@ the high flow rate of flue gases and low
partial pressure of COFor effective C@capture and removal, high G€electivity and
adsorption capacity are required. Additional despeoperties include long life, ease of
regeneration, and low cost. Biochar-based activedeiblon has shown high G@dsorption
capacity (up to 4.8 mmol/g at 1 atm and 0 °C) [82ith CO, partial pressure close to the
pressure of real flue gas (15 kPa),@@sorption capacity was found to be 0.6—0.7 mratl/g

50 °C (a typical temperature for flue gas aftentfesization) [62]. This adsorption capacity was
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similar to the highest adsorption capacity repofteadarbon materials. Experiments conducted
in a fixed bed reactor showed that biomass-bastehsed carbon adsorbents were capable of
separating COfrom a CQ-N, mixture (containing 14% Cfat 50 °C. The adsorption capacity
for N, was significantly lower than that for G@hich implies that C@®adsorption is not
significantly influenced by the presence of{62].

Hydrogen is considered a promising clean energyetaand has the potential to play a
major role in transportation. One of the technaadtacles encountered in deploying hydrogen-
based technologies is the difficulty in storing fogken. To overcome this obstacle, physisorption
of hydrogen on sorbents, such as carbon nanot6B¢sds gained attention due to its high
sorption rate, reversibility, and storage capaéityysisorption employs high surface area sorption
materials that can effectively adsorb hydrogenoBtmizing preparation conditions, Zhang et al.
[38] developed a corncob biochar based activatdsboausing KOH chemical activation. The
activated carbons showed high surface area (upa6 87/g) and large pore volume (1.3-1.94
cn’/g). Researchers concluded that surface area amdpore volumes (with desired diameters
of 0.65 nm and 1.5 nm) play an important role isating hydrogen. The activated carbon with
small pore size exhibited the highest hydrogenkgptapacities of over 2.85 wt.% at 1.0 bar and
196 °C, although its BET surface area (2988jinwas not the highest among all produced
activated carbon (the highest was 35Gg)n Loading biochar with nickel without using
sensitization or activation pretreatments can pisduce sorbents for hydrogdfigueroa-Torres
et al. [64] dispersed an even layer of Ni nanoplagion Quercus agrifolia (coast live oak)
biochar-derived activated carbon using a hydrakased bath at 50 °C. Results indicated that
hydrogen storage capacity of the nickel loadedratgd carbon was 1.6 wt. %, which was two
times higher than that of activated carbon withithatnickel layer. The higher hydrogen storage

capacity was high due to the hydrogen spilloverimacsm with Ni nanoparticles.
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1.3.5. Biochar in Fuel Cell Systems

As compared to traditional power generation faesit fuel cells show high efficiencies
and relatively low greenhouse gas emissions wieamgpatible fuel source, such as hydrogen, is
available. Recently, a direct carbon fuel cell (IB3kvas developed to convert molten
carbonaceous solid fuel directly into electricitighwut the need of converting the solid into
gaseous fuels. When comparing performances of D&B@ms using biochar and coal as fuel
sources, Ahn et al. [33] found that fuel cell powensity with biochar as fuel was 60-70% of the
coal-based fuel and was further improved by stirtime char bed. Their results showed the
possibility of using biochar as a renewable, lowtdael for DCFC despite its relatively low
carbon and higher ash contents.

Other researchers [8, 65] also found that biocharpromising DCFC fuel alternative to
coal. Kacprzak et al. [8] studied the effects ofencarbonaceous fuels ( commercial graphite, a
carbon black, two types of commercial hard coalr tsiochars produced by the authors in the
laboratory and one commercial biochar) on DCFCquatance. Among the fuels, the
commercial biochar had the second highest curf2h2(mA/cnt) and power density (32.8
mW/cn?) at 0.5 V. The laboratory-produced biochars akso high current (36-44.6 njanr)
and power density (18-22.4 m¢hv). Elleuch et al. [65] tested the performance BIGFC
based on ceria-carbonate composite electrolytedusy almond shell biochar. The almond shell
biochar provided a current density of about 480 end®/and maximum power output of 127
mW/cnt at 750 °C. Current density delivered by the almsiell biochar was double that
delivered by commercial activated carbon. Perforweasf almond shell biochar fueled DCFC
could be further improved by modifying the anodenposition [66]. Later, Ellenuch et al. [66]
fabricated a three layer DCFC pellet by adding @4Samaria-Doped-Ceria (NiO-SDC) anode
layer to the original bi-layer DCFC pellet (coniaigponly cathode and electrolyte) using a die-

pressing, screen printing and sintering methothénmodified DCFC, peak power density of
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DCFC increased from 127 to 150 ryigéfand stability of DCFC improved (stable currentdast
about 130 min).

Biochar can also be used as a low-cost anode mlaberimicrobial fuel cell (MFC).
MFC is a new technology that can simultaneouslyororganic and inorganic contaminant
from soil or wastewater and generate electrici§].[@he exoelectrogenic bacteria in MFC
oxidize fuel on the anode, generating electronspratbns. The electrons flow through an
external circuit to reach a cathode and thus géingra current. The most promising application
of MFC is for wastewater treatment. However, hightand the non-renewable nature of
electrode materials in MFC limit its commercialipat Most electrode materials used in MFCs
are granular activated carbon or graphite graniiles.average cost of granular activated carbon
and graphite granule is $500 to $2500 per ton, visicost prohibitive at large scale [7]. Biochar
was found to be a promising cheap alternative rizdtier MFC [7, 68]. By comparing the cost
and power output of a wood-based biochar electradibsactivated carbon and graphite
electrodes, Huggins et al [7] found that power atityf biochar (532-457 myv’) was
comparable to activated carbon (674 yimf) and graphite (566 mysh?). However, the power
output cost of biochar ($17-$35 /W) was 90% lowantthat of activated carbon ($402 /W) and
graphite ($392 /W).

Biochar has also been used as a catalyst in MF&nétial. [69] built an air cathode
with a catalytic layer that coated both sides wfes-proofed carbon cloth for a microbial fuel cell.
The catalytic layer was comprised of sewage sludfgéred biochar or Pt/C (as comparison).
Power density of the cathode coated by the biochialyst layer reached 500 +17 m\W/mvhich
was comparable to that of cathode coated by ti@& Ptis result illustrated that sewage sludge
biochar was active in catalyzing the oxygen reduncteaction in microbial fuel cells and can be
an alternative to Pt catalyst. In addition, stépitif biochar-coated cathode is even better than

that of Pt/C cathode. For over two months of openavith 1kQ external loading, there was little

17



change in voltage generation that occurred in MR@ hiochar-coated cathode while a
significant decrease of voltage output was obsenvddFC with Pt/C cathode. Another stability
test by the addition of methanol showed that tloghmr-coated cathode has better anti-
depolarization ability. While the methanol concatitn in MFC suddenly increased, current on
the biochar-coated electrode did not change; horvéve current on the Pt/C electrode decreased
significantly.
1.3.6. Biochar Based Supercapacitor

Supercapacitor, an energy storage device, hasregtattention to harvest energy due to
its high-power density, long cycle life, and quadtarge/discharge capability [70]. Supercapacitor
can be used as uninterruptible power sources atreleehicles, digital communications system,
etc. The microstructure of supercapacitor elecsdaes a great influence on supercapacitor
performance. Carbon material with high surface arehrich porous structure are the primary
raw materials for making supercapacitors due twitke availability and low environmental
impacts [71]. Producing attractive, high qualitybzan material at low cost is critical for
development of the supercapacitor industry. Regesélveral researchers used biochar originated
from different biomass (such as paper cardboardaautly biomass) as raw material for
fabricating a supercapacitor [71-74]. Results iathd that the use of biochar is promising as an
electrode due to its low cost and satisfactorygrernce. The supercapacitor electrodes, made
from biochar (derived from woody biomass) had a&ptal window of about 1.3 V and fast
charging-discharging behavior with a gravimetripaetance of about 14 F/g [75]. Authors also
improved the performance of woody biochar by atitngathe biochar with nitric acid. Results
showed that nitric acid treatment increased theagmnce from 14 to 115 F/g. The capacitance
increase after nitric acid treatment was mostyikkle to the increase in surface oxygen groups,
especially the formation of surface carboxyl groapd hydroxyl groups. The surface oxygen
groups increase the pseudo-capacitance arisingghn@dox reactions of carbonyl-type surface

oxygen groups. Stability tests showed that botlkehmo supercapacitors, with and without HNO
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treatment, were stable over 5000 cycles withouiop@ance decays. Liu et al. [71] also
synthesized a high performansgpercapacitor from biochar-derived carbon monahitt was
made from pyrolysis of poplar wood at 900 °C fdrdurs followed by surface modification with
nitric acid. The supercapacitor was found to hagali consistent structure and high porosity.
The maximum specific capacitance was high (234 Wwith) excellent cyclic stability.
1.3.7. Biochar as A Raw Material for Making Activated Carbon

The two main steps for the preparation of activagtbon from char are (a)
carbonization of the raw material (such as agnicaltesidue) under inert atmosphere or limited
oxygen atmosphere to produce char and (b) activatithe char through chemical or physical
activation [76, 77]. The activation temperatureallsuranges between 600 and 1200 °C. Physical
activation occurs at high temperature (600 to 1ZD0in the presence of oxidizing gases, such as
carbon dioxide, steam and air. Physical activatn@thod does not involve any chemicals to
activate char. Chemical activation uses chemicabctvating agent. Chemical activation can be
categorized into one-step activation and two-sttpation. In the one-step chemical activation,
the carbonization and activation steps are caoiggimultaneously with an activating chemical
agent. Two-step chemical activation involves caibation of raw material followed by
activation of the product by mixing with a chemieglent. Most common chemical activation
agents are ZnglKOH, HsPO, and K,CO; [40]. The one-step chemical activation is lesgtim
intensive. However, environmental concerns of usimgmical agents for activation in both one
and two-step processes must be taken into consmer&hysical activation offers advantages
over chemical activation since physical activatigents are clean and easy to control. Compared
with one step chemical activation and physicalation, two-step chemical activation has
advantage of producing highly microporous activataxdon with high surface area.
1.4. Biochar Properties and Advanced Characterizatin Techniques

Surface morphology, such as pore distribution,aagrfarea and surface functionality, are

key properties to effectively utilize biochar asatgsts and absorbents. The intrinsic ash content
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of biochar, such as alkaline and alkali metal, miap affect the catalyst performance. For
biochar as a soil amendment, mineral content arfdciarea of biochar may play important role
in improving soil quality. However, the relationphibetween biochar properties and their effects
on enhancing performance in various applicatiorsstil not well-understood. Although many
papers have reported relationships between biguogerties and its respective production
conditions, no universal relationship between tluperties and process conditions has been well
established. Hence, research on characterizatidrnieahar properties and its relationship to
reaction conditions used for its production aréaal to optimizing and tailoring of biochar
properties for its effectiveness in any application

Biochar properties can be divided into physicat(sas specific surface area,
morphology) and chemical (such as proximate arichate analyses, and heating value)
properties. The proximate analysis includes costeftolatile, moisture, ash and fixed carbon.
The volatile content can be determined followingTASD3175-11 [78]. Moisture content is
determined by drying the samples at IDaccording to ASTM D4442-07 [79]. Ash content is
determined by combusting the biochar at 800based on ASTM E1755 [80] and fixed carbon
content is determined following ASTM D3172 [81]tas difference. Energy content or higher
heating value (HHV) is determined using a bomb roaeter. The biochar pH is determined
following ASTM D4972-01 [82]. The concentrationsRfAl, Ca, Cr, Ni, Cu, Fe, K, Mg, Mn,
and Na are determined using an inductively couplagma (ICP) spectrometer or X-ray
fluorescence (XRF) by ashing the biochar at 60@r©w-temperature oxygen plasma ashing.
Surface area is typically measured vigadsorption using the Brunauer—-Emmett—Teller (BET)
theory. If the biochar contains a large amount imrapores, the surface area is estimated using
CO; isothermal adsorption method at®@. These methods are well-developed and used sbytin
for biochar characterization. However, moleculaeleanalysis on chemical structure of biochar

organic matters is very limited. Most informatiom llochar organic structure is acquired by
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Fourier transform infrared (FT-IR) and Raman spesttopy. FT-IR analyzes the chemical
properties of biochar by assigning peaks of intexeefunctional groups based on characteristic
absorption regions (as in Table 1.3).

Table 1.3. FT-IR characteristic absorption of bioclar. Adapted from reference[25]

Functional Group Absorption, cnit
Alkyl C-H Stretch 2950-2850
Aromatic C-H Bending 860-680
Aromatic C=C Bending 1600-1500
Aromatic C, indicative of lignin C=C 1440, 1510
Alcohol/Phenol O-H Stretch 3550-3200
Aldehyde, Ketone, Ester, Carboxylic Acid 1780-1700
Phenol O-H bending 1375

C-0O stretching C-O-C groups and aryl ethers; phie@iO

associated with lignin 1270-1250
Phosphines and phosphine oxides, Silican oxid, C€xetching 1100-950

Raman spectroscopy can identify structural featafdsghly disordered carbonaceous
materials, such as chars [83-85]. Raman spectaaficteristics of the G (graphite band) and D
(disordered structure) bands are usually usedviestigate coal structure. However, Li et al. [83]
found that Raman spectra of coal chars differ fthat of ordered carbon materials because coal
char is not highly ordered. Researchers dividedtimman spectra (from 800—-18009nn 10
bands and correlated these bands with aromatictstas in the char. They also correlated the
ratio of small to larger aromatic rings (ratio eépective peak areas) with char reactivity.
Advanced solid stat€C nuclear magnetic resonance (NMR) experimentsdeansed to study
the chemical structure of biochar [86-88]. While-lRrand Raman identify surface functionality
of biochar quantitatively, solid stat&C NMR spectroscopy reveals the biochar bulk stnectu
exposing more species that are present inside &id8B]. Furthermore, advanced solid std@

NMR techniques were recently developed by Mao.488| 87] and Brewer et al. [88] using a
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combination of selective pulse sequences to rgligbantify the carbon species and estimating
the size of fused aromatic rings. A series of cusarization spin-lattice relaxation time (CRYT
experiments with total sideband suppression (TASB)T,—TOSS) were firstly conducted to
measure relaxation time and correction factor 88, Direct-polarization with magic-angle
spinning (DP/MAS) with recoupled dipolar dephas{pé/MAS/DD) technique was then applied
to quantify the nonprotonated carbons and mobilbarafractions using recycle delay time
obtained from CP/IFTOSS. Because NMR signals of O—C-0O carbon andatrorwarbon
overlap, a chemical-shift-anisotropy (CSA) filteaswused to suppress the aromatic carbon
signals to obtain the O—C-0 carbon spectra. Thedfasomatic ring size was estimated by
measuring distances of the aromatic carbons frasndgen at the edge of the fused ring using the
long-range'H-*C dipolar dephasing technique. The strongly distedependeniH-**C dipolar
couplings slow dephasing of tf€ signal for large fused aromatic rings. The olgdinarbon
signals were then assigned to different functigmalips according to chemical shifts. By using
these methods, quantitative information on stratteihanges of woody chars with different
pyrolysis temperatures were obtained [86]. Theg al®wed that the fraction of aromatic C-O
groups decreased from 17 to 9% and nonprotonatedagic carbons increased from 2.2 to 66%
with an increase in temperature from 300 to ®OThe cluster size of aromatic rings increased
with an increase in temperature (cluster size oY 1-2 rings in biochar treated at 700 and
300 °C, respectively).

The stability of biochar applied to soil is thoughtbe related to the structure of biochar.
The biochar leachable aromatic compounds, sucblganpmatic hydrocarbons (PAHS), are one
of the environmental concerns in using biochar ssiltamendment. However, there is no
agreement on analytical methods to quantify leadeh@BHs in biochar [89]. The entrapped
organic matters in biochar can be determined Miaetion procedures. Extraction dissolves the

trapped organic matter in solvents, such as toluse¢hanol, cyclohexane, acetone using soxhlet,
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accelerated solvent extraction and reflux extractiethods. Soxhlet extraction was approved to
be the best extraction method to determine leaelf2BHs in biochar [89, 90]. Toluene and
acetone/cyclohexane are two of the best solventhéoextraction [89].

Due to the complexity in extraction of chemicalsnfrbiochar, regular GC-mass
spectrometry may not identify all the compounds.urahigh-resolution mass spectrometry,
Fourier-transform ion cyclotron-mass spectromef-(CR-MS) has been used to analyze the
composition and structure of biochar compounds tigier reliability [91]. Three ionization
methods (atmospheric desorption, pressurized phrdtztion and electrospray ionization) were
compared and the ionized biochar extracts wereyaealusing mass spectrometry. The results
found significant differences between biochar posdlfrom gasification and pyrolysis. The MS
spectra of pyrolysis biochar were consistent wittse of bio-oil compounds (phenolic and
carbohydrate-derived compounds) and gasificationHar extracts were mainly composed of
polyaromatic hydrocarbon.

Kinetic properties of biochar are critical in thesthn and optimization of the operation if
biochar is used for gasification and combustiorppaes. A number of the theoretical or semi-
empirical kinetic models have been proposed tordesceactivity profiles of the chars and
carbons. Among these, a typical theoretical mal#ie random pore model [92] that considers
the effects of pore growth and coalescence dugagtion and fits the reactivity profile of char
that has a maximum reaction rate at char conveftsiais below 0.39 [93]. The model has been
successfully used in modeling gasification reactiohcoal chars and carbons. Another widely
used kinetic model is the shrinking core model [9&jich is based on the assumption that
biochar gasification reaction initiates at the ex#é surface of char particles and gradually
proceeds inside the pores. However, any of theskelmeannot fit all applications; the model
should be evaluated before applying and modifiestan the application. For example, the
random pore model is not adequate to represerdragsft char reactivity rate increases with

increase in conversion or if char reactivity raaahes a maximum conversion (above 0.393),
23



like some of biomass char or alkali catalyzed casj84]. For these reasons and for more
extensive applications, new models, such as exteradelom pore model (ERPM), were
developed by adding new conversion terms into tiggnal random pore model [95].

1.5. Perspectives on Biochar Applications

As discussed above, biochar has been success$atyin many applications, such as soll
amendment and fuel cells. For use as soil amendmakmbugh biochar offers several benefits,
there are concerns. Toxic organic compounds, ssigolgcyclic aromatic hydrocarbons,
chlorinated hydrocarbons, and dioxins can be ptasdriochar to a varying degree depending on
the process and feedstocks. Heavy metal, inherandlifable in biochar, can also increase its
availability in soil. Biochar can also deterioramo-toxicological effects on soil organisms [43].
Understanding biochar properties is critical inigditing its undesired impacts while harnessing
its benefits as soil amendment.

For use as a catalyst, biochar has a potentiaimadferent reactions, such as reforming
and conditioning of syngas, upgrading of bio-oibadiesel. Use of biochar-based catalyst for
applications such as syngas cleaning will incréasanet sustainability of bioenergy refinery
system by reducing the need for external matenidi@ocessing. For use in fuel cells and
supercapacitors, biochar offers economic and enwiemtal benefits as well. However,
properties of biochar-based functional materiadghlyi depend on the waste biomass precursors.
In addition, performance of biochar-based fuelscetl supercapacitors is still low, e.g. the
capacitance of GO, nanotube based supercapacitor can reach 500 &#/4/gt[70] while the
reported maximum capacitance of biochar-based sapacitor was only 250 F/g [71]. Post
treatment of biochar with nitric acid or KOH hasim improved structure and performance.
Biomass type and biochar production method alscathe quality of functional biochar. Woody
biomass with high lignin content and porosity iefprred over grassy biomass for production of
high quality biochar because woody biomass cantrigshigher porosity and electrical

conductivity. High carbonization temperatures dse areferred for increased surface area,
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electrical conductivity, recalcitrance, and tensiieength. Investigation on optimizing
carbonization method, biomass selection and peatrtrent is critically needed to produce
biochar with the necessary properties for speaifiglications. For DCFC applications,
experiments demonstrated that DCFC polarizati@oisinated by anode polarization [66].
Improving the material structure of the anode caprove the power output and durability of
DCFC. An ideal anode should have high porositylamge surface area to provide sufficient
active site for the electrochemical oxidation célfand a continuous framework to maintain
sufficient mechanical strength. Developing advareneade material will play a key role in
improving DCFC performance.

In addition, life-cycle analysis of all biochar dipptions is needed to identify potential
benefits and concerns for specific applicationsweler, optimum reaction conditions for
producing biochar and biofuels are not always #mes hence, the conditions must be optimized
based on the target products for specific appbioati For example, high carbonization
temperatures (>700 °C) [67] is preferred for bercproduction for MFC application, while 400—
600 °C carbonization temperature is preferred fordil production with high bio-oil yield. Thus,
life-cycle analysis of manufacturing biobased pieidi{bio-oil and syngas) and byproducts
(biochar) would guide biomass selection to mininemeironmental impacts and costs.

1.6. Conclusions

Recent advances in biochar utilization, productr@thods, properties and characterization
techniques, are discussed. The potential bioch@rcagions include its use as precursor for
catalyst, soil amendment for improving soil quadityd carbon sequestration, sorbent for
removing contaminants from soil and water, storagéerial for CO2 and H2, and as fuel for fuel
cells. Overall, use of char as sustainable highesaroducts seems to have a very promising
future. However, in order to successfully utilize ¥arious purposes, biochar properties need

further improvement and tailoring for the approf@iapplications. Standards and methods used
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to determine structure and properties of biochadrfarther development so that its effectiveness

as soil amendment, catalyst and sorbents can beecka

1.7. Objectives

The overall goal of the proposed research is teldgvnovel methods to use biochar derived

from gasification for high-value applications. Adilgh several studies are reported on using

pyrolysis-based biochar, study on gasificationagedibiochar and its utilization are limited. The

specific objectives of each chapter are as follows:

The objective of chapter 2 was to investigate éffet gasification condition and
feedstock on properties of char derived from flegdi bed gasification.

The objective of chapter 3 was to investigate priigee of char derived from downdraft
gasifier and its kinetic performance in €@asification. The correlation between
structure of biochar and kinetic performance offgagion- derived char were explored.
The objective of chapter 4 was to develop an dffeatatalyst using gasification derived
char as precursor for steam reforming of toluenmedel tar.

The objective of chapter 5 was to test the catgdyatiuced in study 3 in reforming of
condensed tertiary tar using naphthalene as madel t

The objective of chapter 6 was to investigate ¢ffef atmosphere and pressure on

catalytic reforming of lignin-derived tars usingbhar-based catalyst developed.
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PHYSIOCHEMICAL PROPERTIES OF CHAR
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Abstract: Char is a low-value byproduct of biomass gasiftcatind pyrolysis with many
potential applications, such as soil amendmentl@dynthesis of activated carbon and carbon-
based catalysts. Considering these high-value @gijgns, char could provide economic benefits
to a biorefinery utilizing gasification or pyrolgsiechnologies. However, the properties of char
depend heavily on biomass feedstock, gasifier desmngl operating conditions. This paper reports
the effects of biomass type (switchgrass, sorghuamvsand red cedar) and equivalence ratio
(0.20, 0.25 and 0.28), i.e., the ratio of air sypplative to the air that is required for
stoichiometric combustion of biomass, on the phgtsémnical properties of char derived from
gasification. Results show that the Brunauer-EmiTielter (BET) surface areas of most of the
char were 1-10 ffig and increased as the equivalence ratio incre@et moisture and fixed
carbon contents decreased while ash content iretessequivalence ratio increased. The
corresponding Fourier Transform Infrared spectandd that the surface functional groups of
char differed between biomass types but remaimatesiwith change in equivalence
ratio.Keywords: biochar; gasification; fluidizedde

Keywords: char; gasification; fluidized bed
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2.1. Introduction

Char (or charcoal) has been used in human historhdusands of years. Char was used
as an energy resource for heating and cookinglsdétwolds and for heating in the iron industry
because of reduced smoke release and high temmsratached during its combustion.
Currently, char is being used in several new highw applications, besides as an energy source.
A typical utilization of char (also called char)ds a soil amendment [1], which increases soll
fertility and agricultural productivity [2] througimcreasing soil organic matter, utilizing high
carbon (C) recalcitrance against microbial decay/@moviding habitat for microbes and inorganic
matter for crops [3]. Making activated carbon frohar is another potential application of
char[4]. Activated carbon is a form of carbon wathigh surface area (larger than 300/g) and
a high degree of microporosity [5], which makeuittable for chemical catalysis or physical
sorption e.g. purification of waste wate [6]. Rebgrraw char has been suggested as a promising
catalyst for syngas cleaning [7, 8].

Char can be produced through several technologj@s: pyrolysis, fast pyrolysis,
gasification, or conventional and flash carbon@a{®]. Among these technologies, slow
pyrolysis has been shown to retain the highest &gsncarbon content in the char. Gasification,
which is used for syngas production, provides aesbdmount of char as a byproduct (about
10%). Generally, the char obtained in gasificatiaeither disposed as waste or recycled to the
gasifier for supplying heat; these applicationsvjute little economic benefit to the industry.
Therefore, finding a cost-effective approach tlaat convert the char to a value-added product
will greatly benefit the biorefinery and contributethe commercialization of bioproducts.

The properties of char generated from biomassigasdn processes vary widely based on the
feedstocks, reactor design, and the operating tondi Agricultural residues, forestry residues,
wood, municipal solid waste and animal manuresHtngotential feedstocks for gasification [10].
The properties of these feedstocks vary signifigantterms of mineral content, elemental

composition and fiber structure, and variationhefse properties further impact properties of the
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char derived. In addition, different reactor desigsuch as fluidized beds and fixed beds and their
operating conditions (e.g. reaction temperaturaivadence ratio, feeding rate of biomass, flow
rate of carrier gas or oxidizing agents and residdime), impact conversion efficiencies of
biomass and properties of char [11]. Unfortunattig, gasification derived char has some
undesired qualities that may also adversely affs@pplications. For example, char with high
ash concentration and low porosity may not be blgtbor producing activated carbon [12].
Numerous researchers have reported the propeftdmpobtained from thermochemical
conversions of biomass [9, 10, 13, 14]. Howevaes,ithpacts of feedstock properties and
operating conditions on char properties are not welerstood. Earlier studies have focused
primarily on the char derived from biomass pyraysith limited information available on
gasification-based char. The objective of this aede was to investigate the effects of biomass
feedstocks and gasification operating conditionshe@properties of char derived from
gasification. Three biomass species—switchgrasagésorghum and red cedar—representing
herbaceous plants, agricultural straw and woodgnhgs, respectively, were selected as the
feedstocks in this study. The physiochemical priogeeof gasification-derived char were
analyzed. Results of this study will provide valigainformation on how gasification conditions
can be manipulated to produce char with wantedgstigs, adding value to this bioproduct.
2.2. Materials and Methods
2.2.1. Material

The Kanlow variety of switchgrasBdnicum virgatum) and forage sorghungrghum spp.)
were obtained from the Oklahoma State Universityohgmy Research Station. Large round
bales of switchgrass and sorghum were choppedayhuster tub grinder (H1000, Duratech
Industries International, Inc., Jamestown, N.Dthvei screen size of 1.25 cm. Red cedar (eastern
red cedar) was obtained locally and chopped witbraen size of 1.25 cm by a local company

(Bliss Industries, Ponca City, Oklahoma).
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2.2.2. Fluidized Bed Gasification
The gasification experiments were carried outlabascale fluidized bed gasifier at three

equivalence ratios (ERs): 0.20, 0.25 and 0.28.&dRfined as the ratio of air supplied into the
gasifier to the air required for complete combustibhe gasifier, with designed feedstocks
throughput of 2 to 5 kg/h, had dimensions of 102 niinx 1118 mm height and 250 mm i.d. x
310 mm height in the reactor and disengagementszoespectively. The gasification bed
temperature stabilized at average temperaturesmasd 700, 780 and 800 °C at ERs of 0.2,
0.25 and 0.28, respectively. The residence timgedifirom 5 to 7 s. Biomass feeding rate was
3.9 to 4.2 kg/h. A screw feeder continuously ingelcthe biomass into the gasifier. Silica sand
with particle size ranging from 106 to 8pth was used as the fluidizing agent. The ER was
varied by adjusting the air flow rate and biomasexifing rate. The biomass feeding rate was
controlled by adjusting the rotational speed ofd¢bieew feeder. The relationship between
biomass feeding rate and rotational speed of tfensfeeder was calibrated before each run. The
gasification reactor temperature profile, pressiiop along the gasifier and air flow rate were
closely monitored using a LabVIEW system (Nationatruments, Austin, TX, USA). Every run
lasted approximately 4 h, including preheatingth#t conclusion of each run, char was collected
from two cyclones. Each experiment has been repéatee. Detailed information on the
configuration of the experimental-setup and procesifior running the gasifier was previously
reported[15].
2.2.3. Property Analysis of Biomass and Biochar

Biomass feedstocks and resultant char were anafpzguoximate and elemental
analyses, BET surface area and FT-IR spectrunmélié analysis (contents of carbon, hydrogen,
oxygen, nitrogen and sulfur) was measured usingl@mental analyzer (Perkin EImer 2400
Series 2, PerkinElmer Inc., Waltham, MA) at KanStete University. Oxygen content was not

determined in char samples due to presence of axiygies high ash contentor the proximate

41



analysis, volatile content was determined followk&§TM D3175-11[16]. Chaf1 g) was kept

in a crucile with lid and heated in oven with temgiare of 950 °C for 7 minutes. Then calculate
the valtaile matters by difference. Moisture cohtgas analyzed by drying the samples at 105 °C
according to ASTM D4442-07 [17]. Ash content wated@ined by combusting the char at 600
°C, based on ASTM E1755 [18]. Fixed carbon conteast determined following ASTM D3172
as the difference between 100 and the sum of pagemrontents of volatile matter, moisture and
ash[19]. Energy content or higher heating value \{(jittas determined using a bomb calorimeter
(Parr 6300 Automatic Isoperibol Calorimete, Pastiament Co, Moline, Illinois). Energy
content or higher heating value (HHV) was determlinsing a bomb calorimeter (Parr 6300
Automatic Isoperibol Calorimete, Parr Instrument,@doline, IL, USA). Mineral and heavy
metal contents of char are important property foraamendment as minerals are required for
plant growth and heavy metal is not desired. Mihana heavy metal content was determined
using an inductively coupled plasma (ICP) analy&grectro Ciros, Kleve, Germany) to
determine the concentrations of P, Al, Ca, Cr,QNi, Fe, K, Mg, Mn, and Na. Surface areas and
pore properties were measured via isothermaldsorption at 77 K using a surface area analyzer
(Autosorb-1C, Quantachrome, Boynton Beach, FL, US¥ta were analyzed using the
Brunauer-Emmett-Teller (BET) theory. The surfaceaavas determined using multilayer
adsorption model by measuring the quantity of ggroadsorbed onto or desorbed from char
sample at different equilibrium vapor pressuresn@as were degassed at 300 °C for 12 h. Char
structure and surface morphology were analyzedfisidckEmission Environmental Scanning
Electron Microscope (SEM) (FEI Quanta 600, FEI camp Hillsboro, OR, USA). In order to
obtain a clear image, the char particles were cdoatth gold.

Surface functional groups of char were analyzedgiBburier transform infrared
spectroscopy (FTIR) (Nicolet FT-IR 6700, Thermoditen Corporation, Madison, WI) with

attenuated total reflectance (ATR) accessory. Thstal used on ATR accessory is diamond.
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Compared with the traditional infrared techniqubs, ART-FTIR technique not only shortens the
analysis time but also improves the spectra quafighar. The 256 scans of spectra of samples
were obtained at 8 chresolution from 4000 to 650 ¢mAmbient air was scanned as
background signal before scanning samples. All $ssngere scanned without pretreatments.
The FTIR spectral peaks were analyzed by compahiageak position with known peaks.

All data were analyzed statistically using StatestiAnalysis System (Version 9.2, SAS
Institute Inc., Cary, NC). Significant differendastween treatments were analyzed using a F-test
(p-value < 0.05). Correlations were also develapgdg the Pearson’s correlation test at a p-
value of 0.05. The experiment design used is afettdesign with complete random design.
Interaction between biomass type and equivalentewas also included in the model. However,
the interaction was not found based on the data.

2.3. Results and Discussion
2.3.1. Physical and Chemical Properties
2.3.1.1. Proximate Analysis

The char yield could not be determined in this gtoecause the cyclones were not able
to capture all the char. Some char remained ipighes connecting the cyclones and the reactor,
and some char was entrained with the syngas. Téreyakld was estimated to be approximately
12% based on the mass balance of fluidized befigat®in (by subtracting tar and syngas
percentage yields from 100).

The proximate analyses of raw biomass feedstoattslaar are shown in Table 2.1 and
Table 2.2. As the reaction temperature of gasificateached above 700 °C, free moisture should
be released during gasification. However, charcdittain some moisture, which could be
adsorbed from the atmosphere between gasificatidrsample analyzing.

The volatile contents of switchgrass char and aorgbhars increased with an increase in
ER from 0.2 to 0.25 and decreased with furtherdase in ER to 0.28. However, the volatile

contents of red cedar-derived char at the threevizRRe not statistically different. The char ash
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content derived from switchgrass and red cedaeasad from 51.61 wt.% to 64.07 wt.% and
from 40.41 wt.% to 47.52 wt.%, respectively, withiacrease in ER from 0.20 to 0.28.
Gasification with increasing ER also decreasedixeel carbon content of each char. The fixed
carbon content of switchgrass, sorghum and redr ckrtaeased from 34.99 wt.% to 21.98 wt.%,
33.76 wt.% to 32.67 wt.% and 40.49 wt.% to 35.684ytrespectively, with increase in ER from
0.20 to 0.28. The variation of ash content anddfigarbon in char can be explained by the
variation in carbon conversion during the gasifmatWhen ER was increased, more organic
content of the biomass oxidized and convertedtimagaseous phase, which lead to the reduction
in unconverted carbon that remained in the solasphSince most of the minerals (except
chemically reactive alkali and alkali earth elensesuich as potassium and calcium) remained
stable during gasification, the total quantity shan the solid phase did not change; however, the
ash content in char still increased due to massdbsther solid residues due to carbon
conversion.

Table 2.1. Proximate analysis and ultimate analysisf feedstocks

Content Switchgrass ~ Sorghum Red cedar
Moisture (w.b.) 9.70 9.39 8.50
Volatile matter (w.b.) 70.36 68.1 71.79

Ash (w.b.) 4.62 5.05 4.09

Fixed carbon (w.b.) 15.02 17.46 15.62
Nitrogen (d.b.) 0.57 0.51 0.37
Hydrogen (d.b.) 5.74 6.4 6.27

Sulfur (d.b.) 0.30 0.20 1.07
Carbon (d.b.) 43.19 40.68 47.51
Oxygen (d.b.) 50.20 52.2 44.79

w.b represents wet basis and d.b represents dig. bas
Oxygen content was determined by difference.
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Table 2.2. Proximate analysis, higher heating valugHHV) and BET surface area of biochar derived fromswitchgrass, sorghum and red

cedar at three equivalence ratios (ER)

Feedstock  ER Moisture Volatile Ash Fixed carbon HHV SeeT V mic
(Wt% on w.b.) (wt% onw.b.) (wt% onw.b.) (Wt% onw.b.) (MJ/Kg) (m2/g) (10°mL/g)
0.20  0.69+0.09 12.69+1.48 51.61+2.21 34.99+0.57 074 1.3 0.63
Switchgrass 0.25  2.01+0.18 16.86+0.89 57.70+2.67 23.42+1.39 34.0 5.2 2.84
0.28 1.83+0.37 12.11+0.71 64.07+1.29 21.98+0.67 06.7 20.8 11.88
0.20 1.99+0.20 14.24+0.71 50.89+0.59 33.76+0.34 84.1 1.0 0.45
Sorghum 0.25 1.94+0.13 20.01+2.12 45.94+2.49 32.10+0.35 294 0.7 0.44
0.28 1.1+0.11 11.36%1.06 54.87+1.17 32.67+0.16 4.63 5.6 2.14
0.20 3.4+0.27 15.72+1.41 40.41+1.00 40.49+0.10 9.092.1 1.57
Red cedar 0.25 3.1+0.17 15.68+0.81 43.89+3.65 37.33+2.13 5.8760.8 31.33
0.28 2.7+0.14 14.14+1.70 47.52+0.81 35.66+0.89 4.0730.6 16.34

¥ represented micropore volumegSrepresented BET Surface area
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As expected, the gasification process led to sicanit differences between compositions
of raw biomass feedstocks and resulted char. M@stantent of the raw biomass feedstocks was
8.5 wt.%—-9.7 wt.%, while that of the char was all @t.%-3.4 wt.%. The volatile contents of
chars (10 wt.%—-20 wt.%) were much lower than thadgbe raw biomass the char was derived
from (68 wt.%—72 wt.%). Ash contents of chars wagher (40 wt.%—64 wt.%) than those of
raw biomass the char was derived from (less thah%), which implied that most of the ash in
biomass remained in the char during gasificatiamili& contrary, fixed carbon content of char
was higher than that of raw biomass. Average foadbon contents of chars ranged from 22
wt.% to 41 wt%, while those of biomass feedstoekgyed from 15 wt.% to17 wt.%.
2.3.1.2. Heating Value and BET Surface Area

The main effect of biomass type on the higher hgatalue (HHV) of char was not
significant (data shown in Table 2.2). The heatiaye of the char ranged from 4 to10 MJ/Kg,
which was lower than that of raw biomass (typica®h20 MJ/Kg) or other combustible fuels
such as coal (25-35 MJ/KQ). Surface area and micogity are two of the most relevant
properties to evaluate char absorption capacityingrals and organic matter [20]. ER had a
significant effect on the BET surface area of tharcAt 0.20 ER, all char had surface areas of 1
to 2 rr?/g, while at 0.28 ER, the BET surface areas of deaived from switchgrass and red cedar
increased to 20 and 3Gy, respectively. Among all char, the red cedaivéer char had the
highest BET surface area at each ER. These obsgmsaonclude that chars derived from woody
biomass tend to have larger surface areas companddrs derived from herbaceous biomass.
Similar observations have been reported by BruOh [Bhis suggests that red cedar may be a
better feedstock than switchgrass and sorghumougee high surface area char. The micropore
volume (calculated by Dubinin-Radushkevich methafd)har are listed in Table 2.2. As shown
in Figure 2.1, the micropore volume and surface afeour char samples were linearly correlated

with R? = 0.99. This correlation is supported by earltedy done by Lehmann et al. [21], who
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compiled surface area data and micropore volumee afathars available in literatures and

concluded that micropore volume had a stronglytp@scorrelation with BET surface area.

\l
o O

R2 =0.997

BET surface area (m?/g)
= N W b a1 (o2}
O O o o o o

0 10 20 30 40
Micropore volume(103 mL/g)

Figure 2.1. BET surface areas versus micropore vatoe of biochar

2.3.1.3. SEM Morphology

Surface morphology of chars obtained from gasificedf switchgrass, sorghum and red
cedar char at ER 0.28 were studied by SEM (seaé&®@2). It can be observed that the chars
maintained part of the biomass fibrous structutear@lso is clearly seen to be porous in all of
the SEM images. The porous structure of char coelderived from the porous structure existing
in raw biomass or was formed during the devolatilan process of gasification [13].

The surface of the char derived from switchgraskrad cedar showed more pores with
regular geometrical morphology. The surface ofdh&r obtained from sorghum, however,
exhibited less developed pores. The differencén@r porosity can also be related to the BET
surface area as high BET surface is indicativegli porosity. BET surface areas of char derived
from switchgrass and red cedar at ER 0.28 were &@d130.6 rfig, respectively; which were

much higher than the surface area of char deriad sorghum (5.6 Ag).
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Figure 2.2. Scanning electron graphs of biochar @.28 equivalence ratio. From top to
bottom is (A) switchgrass biochar, (B) sorghum bidgar and (C) red cedar biochar.
Magnifications of 72 and 1300 are shown on left andght, respectively.
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2.3.2. Elemental Analysis

The elemental compositions of chars are present@dble 2.3. Brewer et glL3]
observed that oxygen content could not be deteriméheir char samples using this method
due to high oxygen content in the ash that decoawpdaring analysis. Our samples also
contained high ash and the oxygen present in agtde@ompose during analysis. Thus, oxygen
contents of chars were not reported in this papeexpected, the carbon content of gasification-
based char (34%—48%) was much lower than pyrobased char (typically > 60%) reported in
literature [21]. The carbon content of switchgrdesived char varied from 35 wt% to 48 wt%
(d.b.) and decreased with increase in ER. No saarif variation in carbon content was found in
sorghum and red cedar char with change in ER. Tiier @f average char carbon content from
highest to lowest was red cedar > switchgrass ghswn. This order was consistent with the
order of carbon content in raw biomass. The hydragmtent of char was significantly lower
(average of 85%) than that of the raw biomass dg@sification. The N content of raw biomass
ranged from 0.37%-0.57%, which increased to 0.2628% of the char due to gasification. The
sorghum-derived char had the highest N conten8¢)4among all chars. The increase in N
content of char as compared to the raw biomassh@axplained by the stability of N-containing
compounds such as heterocyclic aromatic compoumdsgithermal conversion [10]. The char
sulfur content was not affected significantly bg #quivalence ratio. The sulfur content of char
directly corresponded to that of the raw bioma$® drder of average sulfur content of char from
highest to lowest was the same as that of the ramdss, i.e. red cedar>switchgrass>sorghum.
Generally, during gasification, the biomass suiureleased in the form of,B and a small
amount of COS, S£and thiols, while the remaining sulfur solidifiegth the alkali metals in ash

[22].
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Table 2.3. Elemental composition for biochar derive from switchgrass, sorghum and red

cedar at three equivalence ratios (ER)

Feedstock ER Carbon  Hydrogen Nitrogen Sulfur
(%, d.b) (%, d.b) (%, d.b) (%, d.b)

0.20 48.29+0.80 1.21+0.30 0.67+0.06 0.22+0.09
Switchgrass  0.25 34.73+2.35 0.65+0.01 0.65+0.05 0.07+0.01
0.28 38.55+1.59 0.82+0.04 0.66+0.08 0.12+0.01
0.20 38.5+13.13 0.80+0.05 1.46+0.17 0.14+0.01
Sorghum 0.25 40.11+0.16 0.94+0.02 1.48+0.04 0.13+0.00
0.28 40.69+1.23 0.79+0.03 0.38+0.04 0.10+0.01
0.20 45.14+0.83 1.12+0.06 0.26+0.08 0.13+0.01
Red cedar 0.25 44.89+0.76 1.05+0.07 0.51+0.03 0.20+0.02
0.28 43.71+2.40 0.99+0.42 0.61+0.15 0.19+0.07

The atomic H/C ratio is usually used to distinguiséls (e.g. coals, biomass), or fuel related
compounds such as soot [23]. The typical atomic tatid of fuel material composed of lignin
and cellulose, such as biomass, is approximatély21]. Kuhlbusch et al. observed that the
atomic H/C ratio of black carbon was less than[®4?. The soot and lignite often had H/C
values less than 0.1. The atomic H/C ratio of npgstlysis-based char was below 0.5, which
depends on feedstock variety and reaction conditiNermally, H/C ratio of char obtained from

high temperature pyrolysis (above 8@) is below 0.3[10, 25]. The H/C ratio of gasificau-

derived char in this study varied from 0.2-0.3, ethivas close to that of high temperature
pyrolysis char (<0.3) but higher than soot anditegynThe atomic H/C ratio of raw biomass in this

study ranged from 1.5-1.8, which was consistert Wghmann’s conclusion.
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Figure 2.3. Atomic H/C of raw biomass and biochar btained at equivalent ratios of 0.2,
0.25 and 0.28.

As shown in Table 2.3, atomic H/C ratios of chaeseMower than those of the raw
biomass. The decrease in atomic H/C ratio of chand biomass gasification can be attributed
to loss of hydrogen caused by dehydration and delygehation reactions, and the cleavage and
cracking of weak hydrogen bonds within the charcttire, similar to the observations in
pyrolysis char [25]. The H/C ratio has also beesdu® estimate the possibility of bond
arrangement [21]. Prior research has confirmedlthvatd/C ratio in char reflect high contents of
aromatic compounds by NMR tests [13]. The low H&@arin char and high H/C ratio in the raw
biomass suggests that the aliphatic carbon contatompounds decrease and aromatic
compounds increase during gasification. The atd#i@ of char derived from switchgrass and
red cedar decreased slightly with increase in ERsanghum-derived char did not show any
trend in the atomic H/C with change in ER. Statatanalysis of the data showed that main
effect of ER on atomic H/C was not significant. $a@bservations conclude that ER was not the
primary factor controlling atomic H/C of char.

2.3.3. Mineral Content
The mineral contents of the raw biomass and big@sadetermined by ICP analysis, are

shown in Table 2.4. The major minerals include€®, K, and Mg (>0.1 wt. %) while the minor
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(<0.1 wt. %) minerals included Na, Fe, Zn, Cu atiteoheavy metals. Among the major
minerals, K was the most abundant component irchgraiss (0.89%) and sorghum (0.42%),
while Ca was the highest (0.65%) in red cedar. drder of trace mineral contents in the three
feedstocks were the same; Fe was the highest fedldy Mn and Zn.

When comparing the mineral contents of char andfesgstocks, it is clear that the
concentrations of all mineral in char were highamt that of raw biomass. The contents of K and
Ca increased from less than 1 % in the raw bionma$ss % in the char. Among the heavy
metals, Mn content increased from less than 80 ippiime raw biomass to 200-700 ppm in the
char, indicating that the gasification process eokd the aggregation of mineral contents in the
char. However, the increase in concentration atgedded on the biomass variety. For example,
Mg content in sorghum-derived char was 10 timehdrighan that of sorghum, while Mg content
in switchgrass-derived char was only 3 times highan that of the switchgrass. The K content
of sorghum-derived char increased by 10 to 20 tiasesompared that of the raw sorghum, while
K content of switchgrass-derived char only doul@edompared to that of the raw switchgrass.
The gasification process also did not change tderasf individual mineral concentration in char

as compared to that in the raw biomass.
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Table 2.4. Mineral content of biochar based on ICPesults

P Ca K Mg Na S Fe Zn Cu Mn Ni
Feedstock ER
(%) (%) (%) (%) (%) (%)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
o* 0.10 0.25 0.89 0.26 0.002 0.05 134 25 2 38 3
_ 0.20 0.53 1.70 1.52 0.82 0.05 0.08 10692 184 15 602 51
Switchgrass
0.25 0.68 1.90 2.08 1.05 0.06 0.10 24292 180 33 785 56
0.28 0.29 0.77 0.75 0.40 0.03 0.04 6838 78 9 248 27
0* 0.04 0.22 0.42 0.09 0.04 0.05 640 10 2 38 1
0.20 0.47 1.08 4.12 0.81 0.02 0.11 3191 73 10 161 8
Sorghum
0.25 0.71 1.63 6.25 1.34 0.02 0.13 8207 90 17 278 1 1
0.28 0.56 1.75 3.87 0.69 0.15 0.09 2249 52 6.2 107 7
0* 0.02 0.65 0.12 0.04 0.002 0.03 294 9 1 87 1
0.20 0.04 0.91 0.22 0.08 0.005 0.02 2552 40 3 161 8
Red Cedar
0.25 0.12 2.64 0.71 0.26 0.018 0.07 35592 59 35 278 11
0.28 0.15 2.46 1.36 0.33 0.025 0.07 30610 63 21 107 7

* Equivalent ratio of zero represents raw biomdédisvalues are on dry weight basis.
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The distribution of char mineral content, such asa@d K, is considered an important
characteristic when used as a soil amendmentggsatie nutrient elements for plant growth. On
the other hand, heavy metals in char are consideeardous for the environment [26]. Since the
gasification process accumulated Ca and K contentedl as the heavy metals, use of biomass-
based char as a soil amendment may need to berfumtfestigated. Contents of K and Ca in char
was the highest at 0.25 ER (as shown in Table al#hough ash content of the char obtained at
this ER was not the highest. A higher ER usualidteto a higher gasification temperature due to
more heat generated from intensified oxidation. ificeeases in gasification temperature and
amount of oxygen in turn increase volatilizatiortloé minerals (K and Ca) [27] and reaction with
the carbon during gasification. The intensifieddation with increase in ER would also consume
more biomass carbon, reducing the carbon contertiafand thus increasing the mineral
contents in the char. For instance, char obtaih@®8 ER had high carbon content and low K
and Ca contents because of low gasification tenyergTable 2.3).

2.3.4. ATR FT-IR Analysis

The FTIR spectra of biomass and char are illusiraté-igure 2.2. Table 2.5 lists the
typical identified FTIR spectrum adsorptions repdrin literature [10, 28, 29]. A broad band was
found (see Figure 2.4) at 3400-3200c(®-H stretching) in all the biomass and sorghumivee
char, but not in the char derived from switchgrasd red cedar. This O-H stretching may be
attributed to the moisture content, or presendgydfoxyl or phenol groups. The disappearance
of the O-H group in char derived from red cedar sndchgrass could be attributed to the
removal of moisture and dehydration processespEags in the 2950-2800 €mange,
corresponding to aliphatic C-H stretching, wereniin all three types of biomass. However,
only char derived from sorghum showed a small pedke 2950-2800 cthregion, suggesting
that the gasification process might have destr@jipthatic structure in the biomass. The
remaining small peak observed from sorghum-deroched may be due to the existence of a heat-

resistant aliphatic structure in sorghum. The peasnd 780 cih corresponding to aromatic C-
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H bending, were clearly visible in all biomass ahdr. This implied that aromatic structure
existed in both the raw biomass and char. The pa@ksd 1375 cih corresponding to O—H
bending of phenols, were found in all the raw biesmand chars derived from red cedar and
sorghum, but were not found in switchgrass-deristeat. This suggests that the char derived
from red cedar and sorghum contained more phewolpgrthan the char derived from
switchgrass. Phenolic group are usually consideréa related with the lignin content in
feedstock. The more phenol groups in char derivet fed cedar and sorghum may result from
the higher lignin content in raw biomass. Pasargatlat al. [31] tested the the switchgrass and
red cedar lignin content and proved that the ligrintent in red cedar are more than switchgrass.
All of the biomass and char samples showed a s@odgoroad band at 1000 ¢nwhich may
represent phosphines, phosphine oxides or siligates [10]. Keiluweit et al. [29] also observed
the broad peak at around 1000 ¢tm char obtained at low temperature (less than®8)Gnd

they associated this peak to C-O-C stretching limlose and hemicellulose. It was observed that
this peak disappears in char obtained at highepaemture (greater than 700 °C), which they
attributed to the degradation of cellulose and kethilose. In our study, all three biomass
showed broad and strong peak at around 1008 @n the other hand, all biomass-derived char
showed much weaker peaks indicating that cellubosEhemicellulose of biomass decomposed
during gasification. All biomass also showed peaéar 1250 crit, which corresponded to the C-
O stretching of aryl ethers and phenolics of ligderived compounds, and C-O stretching of
pyranone rings and guaiacyl monomers related talose-derived compounds [29]. However,
these peaks were not seen in the char indicatmgrimakage of methoxyl groups during

decomposition of lignin and cellulose during biosgasification.
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Figure 2.4. FT-IR spectra of raw biomass and biocheobtained at equivalent ratios of 0.25

and 0.2

Table 2.5. ATR FT-IR characteristic absorption of £edstocks and biochar

Functional Group

Characteristid-eedstocks and biochars

Absorption
(cm-1)
Alkyl C-H Stretch [28] 2950 - 2850  Red cedar, sWwigrass, sorghum straw,
biochar with 0.2 ER
Aromatic C-H Bending [28] 860 - 680 Red cedar, stvigrass, sorghum straw
and respective biochars
Aromatic C=C Bending [28] 1600 - 1500  Red cedaitdwgrass, sorghum straw
aromatic C, indicative of 1440, 1510 Red cedar, switchgrass, sorghum strdw an
lignin C=C [29] sorghum biochar
Alcohol/Phenol O-H Stretch 3550 - 3200 Red cedar, sorghum, sorghum biochar,
[28] switchgrass
Aldehyde, Ketone, Ester, 1780 -1700 Red cedar, switch grass, sorghum straw
Carboxylic Acid [10]
Phenol O-H bending [28] 1375 Raw biomass, switcdg(s) and sorghum

C-O stretching C-O-C groups
and aryl ethers; phenolic C-O
associated with lignin [29]
Phosphines and phosphine
oxides,

Silican oxide [10, 30]

1270-1250

1100-950

biochar(w*)

Red cedar, switch grass, sorghum straw,
switchgrass and sorghum biochar of ER
0.2,

All (s)

*S and W represent strong and weak peaks, respctiv
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2.4. Conclusions
The effects of three biomass types (switchgrasghson and red cedar) and three

equivalence ratios (0.20, 0.25, and 0.28) on pta®eof char obtained through gasification were
studied. The char moisture and fixed carbon costéetreased while ash content increased with
increase in equivalence ratio. Surface areas of afdke char samples were 1 to 18gnThe
red cedar-derived char had the highest BET sudeez of 60.8 g at an equivalence ratio of
0.25. An increase in equivalence ratio increased BlEface area. Ash contents of all char
samples were much higher (more than 40 wt.%) tieetet of the corresponding biomass
feedstock ks (less than 5.05 wt%). The low surtaeas and high ash contents of biomass
gasification chars may present challenges in thtdization as precursors for activated carbon or
as fuel for combustion. The FT-IR spectra showadl daring gasification biomass feedstocks
lose aliphatic C-H bonds but retain aromatic C-idsin the char. In addition, the C-O-C bond
of char was weaker than that of biomass, indicalimgpmposition of cellulose and
hemicellulose.
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CHAPTER III

CHARACTERIZATION OF CHAR OBTAINED FROM DOWNDRAFT BDMASS

GASIFICATION

This research paper was published as “ K. Qiafkulnar, D. Bellmer, W. Yuan, D. Wang, M.A.
Eastman, Physical properties and reactivity of ciained from downdraft gasification of

sorghum and eastern red cedar, Fuel, 143 (20153383
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Abstract: Downdraft gasification of forage sorghum and redacevood was studied with the
aim of determining the characteristics of produckar for its further application, such as soil
amendment, sorbent and solid fuel. Ultimate, preatenXRD and NMR were used to investigate
physical and chemical properties of char and theamalytic methods were used to determine
kinetics of char gasification. The NMR results skedvhat red cedar and sorghum chars both
contain aromatic carbon, but aliphatic carbon afadkgl carbon are more evident in red cedar
char than in sorghum char. Char derived from doafidjasification had higher heating values
and lower ash contents than char derived fromiftedibed gasification, indicating char derived
from downdraft gasification is more suitable fophpations, such as soil amendment, than char
from fluidized bed gasification. Micropores and mgsres were found in both red cedar and
sorghum chars. The gasification reactivity of redar char was higher than that of sorghum char.
Activation energies were found to be 163 and 18mh&lbased on shrinking core model and 147
and143 kJ/mol based on random pore model for songthar and red cedar char, respectively.
Keywords: downdraft gasification; sorghum char; red cedar;c8&, char gasification; NMR,;

surface mophorlogy
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3.1. Introduction

Char has potential value as soil amendment matewalated carbon precursor and carbon
based catalysts. Much attention has focused onthaomake char more suitable for these
applications [1-3]. The most common way to prodcitar is pyrolysis [4]. The adjustable
pyrolysis conditions (pyrolysis temperature anddest time) for char production, together with
diverse feedstock choices enable researchers doigeahar with physical and chemical
properties suitable for a given application. Clsaalso a product of gasification. The
disadvantages of producing char through gasifinai®@ the low char yield (<15%) and difficulty
in simultaneously optimizing the char quality agdgas quality. Although carbon retained in
char produced from biomass gasification might e Ichar carbon, if utilized effectively, can
further increase carbon efficiency and environmlesntd economic sustainability of the
gasification process. Co-combustion or co-gasificadf char with coal or biomass is one
method to utilize char. Therefore, it is criticaldtudy the characteristics of char produced from
gasification so that it can be effective utilized.

Solid-state”C NMR spectroscopy is a nondestructive and effedtéchnique to study char
structure at molecular level [5]. The other techieis} such as X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR) only revilsal surface structure. Many studies [5-7]
have applied®C cross-polarization magic angle spinning (CP/MA&hnique to analyze
intrinsic carbon structure, in addition to the sa# structure, of carbonaceous materia.
CP/MAS has been used to determine structural clsamiggoody chars at different pyrolysis
temperature [6].

The properties of char can be broadly categorimephysical and chemical properties. The
relevant physical properties include bulk and phatdensities, surface area, particle sizes,
porosity and pore distribution. The relevant chehproperties include concentrations of C, N,
minerals, bases and polycyclic aromatic hydrocatharhar. Desired properties of char vary in

different applications. High surface area is prefétin many applications. In terms of soil
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amendment, high surface area is preferred bechisskelieved to improve the moisture retention
and reduce the leach of nutrient components [&heli surface area is also preferred for char-
based electrolyte and char-based catalysts. Higtingevalue of char is pivotal for application of
solid fuel but may not be important for soil amerman High alkali and alkaline metal content in
char may be preferred for soil amendment [8] buidesired for application as solid fuel [9].

Earlier, we have studied properties of fluidized lobar including proximate analysis,
ultimate analysis and BET surface area analysis Y¥@ concluded that gasification conditions
have significant effects on char properties. Reaatonditions, such as heat and mass transfer
pathways and gasification temperature in downdyagifier are different from those in fluidized
bed gasifier. However, detailed properties of aeived from downdraft gasification have not
been yet reported. The objective of this study imvestigate chemical and physical properties of
char derived from downdraft gasification in ordeidetermine its suitability for value-added
applications. Advanced analytical techniques sicNMR, XRD and N physisorption were
used to analyze char properties. Thermogravimatratysis was used to study the reaction
kinetics of char gasification under G&mosphere. The heterogeneous reaction kineticlsaof
gasification, obtained in this study, will enabféeetive reactor design, process simulation and
optimization to utilize char.
3.2. Materials and methods
3.2.1. Material

The Kanlow variety of sorghunfPénicum virgatum) was obtained from the Oklahoma State
University Agronomy Research Station. Large rouakks of sorghum were chopped by a
Haybuster tub grinder (H1000, Duratech Industnieerhational, Inc., Jamestown, N.D.) with a
screen size of 1.25 cm. Red cedar (eastern red)ogdsa obtained locally and chopped with a
screen size of 1.25 cm by a local company (Blisisi$tries, Ponca City, Oklahoma). The loose-

filled bulk densities of red cedar and sorghum wiefig g/crand 0.07 g/crh
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3.2.2. Char Preparation
Downdraft bed gasification

Char derived from gasification was produced by igus downdraft gasifier at
equilibrium ratio of 0.2. The unique downdraft desi[11] consists of a biomass feeding section,
pyrolysis and tar cracking zone and the char gaditin section. Test preparation started with
loading 5 kg of wood charcoal onto the grate faiahfiring. The pyrolysis and gasification
sections were then completely filled with feedsgckhe hopper was also kept full with biomass.
The gasifier was preheated using propane for aleouhinutes When the temperature of the
pyrolysis and cracking zones reached to 8Dthe desired air flow was introduced into the
system. The biomass was fed through hopper anerfeed the fuel level in gasification area
was maintained by adjusting the feeding system mlnurhe amount of biomass entering and
exiting the gasifier and air flow were monitoredoirder to maintain the desired equivalence ratio.
The temperature profile, pressure drop (monitoretdh view™) were considered to monitor
and prevent choking. The average gasification teatpee was around 85C and the pressure
was close to 1 atm. The biomass residence timeestasated to be around 9 s. Produced chars
firstly fall into ash chamber located in bottomtbé gasifier and was continuously transferred by
a rotating screw conveyor from the bottom chambemt ash drum to avoid overloading the
bottom ash chamber. Char of small size entrainesi/bgas was trapped by a cyclone. After
experiment, char was collected from ash drum, bo@ish chamber and cyclone. Char yield was
obtained by weighing collected char and divideddar weight with feed biomass weight.
However, due to practical difficulties faced inlecting all char and error occurred when
measuring the input biomass mass, char yield mapaaccurate but just estimation. Detailed

description of the gasifier and process can bedanrPatil et al. [11].
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3.2.3. Determination of Physiochemical Properties

Biomass feedstocks and resultant char were anafgzguoximate and elemental
analyses, NMR, surface and pore characteristics.
3.2.3.1. Proximate and Ultimate Analyses

For proximate analysis, volatile content was debeedh using ASTM D3175-11 [12].

Moisture content was analyzed by drying the samgid95°C according to ASTM D4442-07
[13]. Ash content was determined by combustingctiee at 600°C, based on ASTM E1755 [14].
Fixed carbon content was determined using ASTM R2J13] as the difference between 100 and
the sum of percentage contents of volatile matweisture and ash. Mineral content was
determined using an inductively coupled plasma )l@tlyzer (Spectro Ciros, Kleve, Germany).
3.2.3.2. Energy Content and Surface Area Analysis

Energy content or higher heating value (HHV) watedrined using a bomb calorimeter
(Parr 6300, Parr Instrument Co, Moline, lllinoispose-filled bulk density was measured by
loading biomass or char in a given volume contaamer calculated as the ratio of the mass to the
bulk volume [11]. Surface areas and pore propevier® measured viaMdsorption using a
surface area analyzer (Autosorb-1C, Quantachromynt®n Beach, FL). Adsorption data were
analyzed using the Brunauer—Emmett-Teller (BETdmheSamples were degassed at 300 °C for
12 hours. The micropore volume was estimated bjyagpnon-linear density functional theory
(NLDFT) method. The total pore volume was calcudtem the gas amount adsorbed at relative
pressure of 0.98.
3.2.4. NMR Analysis

*C NMR analysis was performed using a Chemagne@i®sspectrometer (CMX-II,
Varian/Chemagnetics, USA) at 75.69 MHz (300 MHzZrequency). Qualitative compositional
information was obtained with adequate sensitiuiing the'*C CP/MAS NMR technique with
magic angle spinning (MAS) [16] speed of 6 kHz,ssrpolarizarion (CP) time of 1 ms, afttl

90° pulse length of 5.ps. Four-pulse total suppression of sidebands (TQE$)Wwas employed
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before detection, with two pulse phase-modulatd®PW) proton decoupling applied during
detection for improving resolution [18]. The numioéiscans taken was 100,000, with delay of 1
S between scans.
3.2.5. Thermogravimetric Experiments
Gasification and combustion of char were carriedima thermogravimetric analyzer

(TGA)(VersaTherm, Thermo Scientific, USA). In eagdsification test, about 6 mg char was
loaded in a platinum pan and heated at a rate 8CHQin to temperature (850, 900, 950 °C)
under N (99.999%) of 80 mL/min. After the desired gasifioa temperature was reached, the
sample was held at that temperature for 5 min utideN, flow. Then, N was switched to CO
(80 ml/min) to initiate the isothermal gasificatidn each combustion experiment, 13 mg sample
was loaded directly into the platinum crucible aéimel temperature was ramped up from 25 to 900
°C. The combustion was carried out under dynamiditioms at heating rates of 10, 20, and 40
°C/min using air as the reactive gas at a flow o&te0 ml/min. The weight loss of the sample
was continuously recorded by the TGA computer.
3.2.6. Determination of Kinetic Parameters

In order to evaluate the reactive behavior of chaing the CQ gasification, two models,
random pore model (RPM) and shrinking core mod€M$ were used to calculate kinetic
parameters [19, 20]. RPM and SCM are the two mogtlar models used to study the
gasification behavior in coal char and biomass elnarhave been successfully applied [20-22].
The RPM is based on assumption that the reactioarsavith the growth of pores. The reaction

rate, using RPM, is expressed as [20]:

dx .
E=k.(1 - XA = YIn(T—X) orX = 1 — exp | —kyt (1 + Lk,t)| (Equation 3.1)
Where k. is rate constant arXlis carbon conversion ratio that is defined ag#tie of gasified

char and initial char (on a dry ash-free basigigttime, t (s)X can be expressed as follows:

X= (Equation 3.2)



Where,m,, m, andm are masses of initial char, initial ash, and etdimet, respectivelyy is a
dimensionless structural parameter indicating titéal pore structure) can be determined using
empirical fitting or calculated as follows usingrpdength(Lo), porosity(e,) per unit volume of

solid and initial specific surface aresh)

Y= %51_80) Edquation 3.3

In this study, empirical fitting with least squasgression method was used to deternjine

The shrinking core model (SCM), another kinetic elods based on the assumption that
the reaction initially occurs at the external soefaf the char particles and gradually proceeds
inside the pores. The SCM is expressed as [22]:

dx kst) 3 .
+ = ks(1— X)23 orX=1- ( — T) (Equation 3.4)

Where, t represents the time (min) agaskhe reaction rate constant.

The suitability of the RPM and SCM to representfgasion rate of chars was examined

at 800, 900 and 100@. The fitting quality (FQ) was measured by follogiiequation [20]:

— 1 N Xmodel_Xexp 2 .
FQ=1 — \/ﬁ i=1 (—) (Equation 3.5)

Xexp

WhereX,qe1and Xexp represent conversion obtained using the modetrenéxperiment,
respectively.
The relationship between reaction rate constantngk k) and temperature was modeled using
Arrhenius rate law.
3.3. Results and Discussion
3.3.1. Char Yield, Physical and Chemical Charactestics

Table 3.1 presents the proximate analysis and HHYWeobiomass and char samples. Chars
derived from fluidized bed gasification and pyra¢yare also listed for comparison. As shown in
the table, heating values (HHVs) of both sorghuih i@al cedar char are higher than those of the

respective biomass. The HHVs of red cedar and siongthar were similar to that of pine wood
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char derived from pyrolysis. The similar HHV colid results of their similar carbon contents.
The ash content of red cedar char was lower thatroftsorghum char, due to the lower ash
content of red cedar as compared to sorghum. Theadents of both sorghum and red cedar
char (4-20%) were significantly lower than thoselwdirs obtained from fluidized bed
gasification (35-55%)[10]. The lower ash conterd bigher heating value of char derived from
downdraft gasifier than those from fluidized bedifjar imply that char derived from downdraft
gasifier would be more suitable for applicationstsas soil amendment or solid fuel.

Table 3.1. Proximate analysis, ultimate analysis ahHHV of biomass and char

Properties Sorahum Red Sorghum Red cedar Sorghum Pinewood
P 9 cedar char char char (FB) char [38]
Moisture
(w.b. %) 9.4 8.9 0.8 1.0 1.9 0.4
Volatile matter g 70.8 12.2 22.8 20.0 5.6
(w.b.%)
Ash (w.b. %) 5.1 1.8 20.2 4.5 45.9 3.5
Fixed carbon
W.b.%) 175 185 66.8 71.7 32.1 90.5
Nitrogen
(d.b. %) 0.5 0.4 0.2 0.2 15 0.2
Hydrogen
(d.b.%) 6.4 6.3 15 1.9 0.9 3.7
Sulfur (d.b.%) 0.2 1.1 0.4 0.5 0.1 0.1
Carbon
(d.b.%) 40.7 47.5 67.9 66.4 40.1 75.5
HHV(MJ/KQg) 16.1 18.4 23.7 26.9 9.4 27.9

Notes: w.b represents wet basis and d.b repredgntsasis., FB represents fluidized bed

The major minerals (>0.1%) of char and biomasahelP, Ca, K, and Mg while the
minor minerals (<0.1%) include Na, Fe, Zn, Cu atitepheavy metals (Table 3.2). Sorghum
char had higher concentrations of all mineral eletiméhan red cedar char, which were due to its
higher ash content (20% for sorghum char and 4%gficedar char). Ca was the most abundant
mineral in red cedar (0.65%), red cedar char (3.84)sorghum char (5.9%) but K was the most
abundant in sorghum. The Ca to K content raticiafbss (0.5 for sorghum and 5 for red cedar)
was significantly higher than that of char (5 forghum char and 15 for red cedar char). This

implies that Ca is more stable than K under gaaifie condition. The order of minor mineral
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content in the biomass and chars were the sameMie> Zn > Cu. Alkali and alkaline
elements are necessary mineral for plant growtt{8joromote corrosion of reactor. High
concentration of alkali and alkaline elements irgham char make it more suitable in soil
amendment but less suitable as solid fuel tharceddr char.

Table 3.2. Mineral content of biomass and char obtaed from downdraft gasifier

P Ca K Mg Na S Fe Zn Cu Mn
(%) (%) () () (W) (%) (epm) (ppm) (ppm) (ppm)

Sorghum 0.04 022 042 009 004 005 640 10 2 38
Sogﬁgr“m 0.18 596 1.30 048 027 0.14 4307 76 45 302
Red cedar 0.02 0.65 0.2 0.04 0002 003 294 9 1 87
Regh‘;fdar 0.04 391 023 014 0.14 008 1597 23 17 216

The loose bulk density red cedar char and sorgthanwere 0.17 and 0.12 g/¢mith
average particle sizes of 0.59 and 0.38 cm resdygtiThe char yield (amount of char produced
per unit of biomass on weight basis) of downdragifjcation were estimated to be around 15%.
The typical char yields of fluidized bed gasificatiwere 5 to 10% [5, 10], while the char yields
of pyrolysis varied from 20 to 50% [4]. Char yieddalso dependent on production method,

feedstock type, pyrolysis or gasification tempemtatmosphere, residence time and heating rate
[23, 24] High temperature and short residence time leduigio char yields [24, 25]. The char

yield of downdraft gasification is generally lowtban that of pyrolysis but higher than that of
fluidized gasification. The higher char yield ofvdudraft gasification than fluidized gasification
can be attributed to better heat and mass trans$arg sand in fluidized-bed gasification. The
high heat and mass transfers enhance gasificdfiorercy and reaction of solid carbon with gas
resulting in lower char yield.

The X-ray diffraction patterns of the sorghum aed cedar chars are presented in Figure
3.1. XRD pattern of sorghum char and redcedar dhanwing intensity of the diffracted beam as

a function of the Bragg anglef2in degrees). Sharp peaks indicate inorganic coemis. The
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peaks at 26.7° and 29.5° correspond tq &itd CaO, respectively. Broad peak at 23° corraspon
to hkl 200, crystallographic planes of completalglesed (i.e., crystalline) regions of cellulose
[24]. Small broad peak of 43° correspond to grapHihe existence of broad peak at 23° in both
red cedar char and sorghum char imply that the whamot fully carbonized and part of the

biomass cellulose structure still remained in tharc

26.7
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= Red cedar char

= 20.9

>

§ 36.139.1 43.1 48.7 60.1
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Figure 3.1. XRD pattern of sorghum char and redcedachar

The sorghum char appears to contain less carbdsa@tless carbon with nearby H as
detected by CP MAS), since the peak is smallerufiei@.2). The smaller peak of sorghum char
can also be attributed to its higher ash contetit@mer carbon content, which are evident from
its proximate and ultimate analyses. The carbdyoth chars was primarily aromatic
(corresponding to peak at about 130 ppm) but blatinscseem to have some non-aromatic carbon
as well. Both chars have intensity in the regioalmbut 55 ppm, which corresponds to aliphatic
C-H. Only red cedar char has some intensity irréiggons of about 20 and 80 ppm corresponding
to aliphatic carbon and C-OH, respectively. Caal €f6] also found that aliphatic and O-alkyl
carbon decreased with increase in reaction temperatiowever, they also found that 8% of O-
alkyl carbon, 2.3% of CHand 1.1% of CHistill existed in woody char treated at high

temperature (700C) [6]. In addition, both chars had weak intensityabout 170-180 ppm,
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indicating the presence of COOR functional grodpss finding was consistent with Cao’s

finding in woody char (4% of COOR).

——Red cedar char
—Sorghum char

250 150 50 -50
Chemical shift (ppm)

Figure 3.2. NMR spectrum of sorghum char and red adar char

3.3.2. Pore Structure

Adsorption and desorption isotherms were obtairiethar samples in nitrogen at 0.01-1 relative
pressure range (Figure 3.3). All isotherms weradbto be of type Il, according to Brunauer
classification, indicating wide distribution of mosizes [26]. It was also found that classical BET
relative pressure range (0.05-0.3) was not suitabtketermining surface area of sorghum char
and red cedar char samples because of negativastacd and unacceptable correlation
coefficients. Hence, 0.02-0.1 relative pressure wgesl to estimate the specific surface area.
Total surface area, total pore volume and micropoteme of sorghum char and red cedar char
are listed in Table 3.3. The surface area of rethicehar (67 fiig) was higher than that of
sorghum char (14 ftg). The percentage of total volume in micropore @m) and mesopore (2-
50 nm) range was high (90%) for both chars indicpthat the char was mainly composed of
micropores and mesopores rather than macropor@snm). These results were consistent with
results of char obtained from rice straw char @74 coal [26]. Difficulty was encountered in
achieving equilibrium under low relative pressut&3) for the char samples indicating that

ultramicropore (<0.7 nm) existed in char. Sinceamticropore and mineral particulates that may
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exist on char surface are not easily accessibhdrimgen at low temperature [28, 29], the
micropore volume in char samples may be larger thase estimated in this study. No closure of
hysteresis loop for both char samples during adisoridesorption isotherm can be observed
below a relative pressure of 0.4, which can bébatted to the swelling of char during the
adsorption [28].

Table 3.3. BET surface area and pore volume of chabtained using N adsorption

Surface Micorpore Mesopore volume Total pore volume
area  volume (cniqg) (cm’lg) (cm’lg)
(m?/g)
Sorghum char 14.7 0.005 0.003 0.01
Red cedar char 68 0.018 0.022 0.042
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o
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—o— Adsorption, Red cedar char

—e—Desorption, Red cedar char
Adsorption, Sorghum char

—=—Desorption, Sorghum char

Volume adsorbed (cri/g @STP)

0.00 0.20 0.40 0.60 0.80 1.00
Relaive pressure (P/B)

Figure 3.3. 77 K nitrogen isotherms of sorghum chaand red cedar char
The surface area of char depends on release dfl@slduring the pyrolysis because
released vapors create pores and increase por@8]zmnd the volatile release varies with
conditions, such as heating rate, temperatureesidence time. Generally, high temperature and
longer residence time increase the surface areatuslying the effects of residence time on
surface area of flax straw, Tushar et al. [31] fbtimat surface area increased from 24 to &g m

with increase in residence time from 15 to 60 miimeview paper [30] summarized properties of
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pyrolysis char derived from various biomass at terapure from 200C to 700°C. They stated
that surface areas of woody char can reach abouf/g5and 300 rfig at 500°C and 706C,
respectively, while surface areas of grass chareach 14 rfig and 70 rfig at 500°C and
700°C, respectively. The surface areas of sorghumahdred cedar char (14 and 55gh
obtained in this study were close to those of pyed at around 50T (14 and 65 fAtg)) but
much lower than those of grass and woody char p¥eadl at temperature close to gasification
temperature (70C) [30]. Short residence time of downdraft gasiima (<10 s) may have
restricted pore development in the char. Volatdegsinot completely release in such short
resident time, and thus the pore in char was riyt developed.
3.3.3. Gasification Kinetics

Results of the effect of gasification temperat@@0; 900 and 1,00T) on the char
conversion and mass loss are shown in Figure 3l4mure 3.5. The char conversion was
significantly affected by the reaction temperatane the time for complete carbon conversion
decreased with increase in gasification temperafure carbon conversions of both chars at 800
°C were quite low (about 20% after 50 minutes) wttike carbon conversion at 1,0UD reached

100% within 25 minutes.
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Figure 3.4. Experimental (markers) and model-predited (lines) conversion histories of C®
gasification at three temperatures. (a) sorghum chiaand (b) redcedar char
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Figure 3.5. Mass loss profile of char during C@gasification at three temperatures in TGA.
(a) sorghum char, and (b) red cedar char

The gasification reactivity of char mainly depeigsits morphological structure and
inorganic content [32]. The inorganic contents ledircprimarily depend on inorganic contents of
its precursor biomass. Hemicellulose, celluloselagmdn contents of biomass may also effect
gasification rate of derived chars, but conclusitaly is not available in literature [33]. Among
char minerals, potassium (K) has been found théetrongest catalyst, followed by sodium
(Na) and calcium (Ca) [34]. Iron was also foundh&we high catalytic effect on gasification

reactivity of char [22]. On the other hand, silicmntent adversely affects char reactivity [34].
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The activity of potassium catalyst was almost catgdy diminished during pretreatment when
large amount of silicon existed in the char [34].

The morphological structure of char is influencgddaction conditions, as discussed in
section 3.3.2. Char with high porosity can providagre active sites for gasification [22]. The rate
of char gasification depends on accessibility o, @Cthe active sites located in internal surface.
The reactivity of char is expected to be propowidn the surface area developed by mesopores
and macropores rather than the total surface sirg@e only mesopores and macropores (not
micropore) are accessible to reactant gas [33,13t.average C{yasification reactivity of red
cedar char (0.005, 0.014, 0.04 fhiat 800, 900 and 1,00C respectively) was slightly higher
than that of sorghum char (0.004, 0.011, 0.038'rair800, 900 and 1,00C respectively). The
average gasification rate of char in this study tigher than that of the petroleum coke char and
Zun-yi anthracite char [36] but lower than thapddtachio nut shell [19]. The higher gasification
reactivity of red cedar char may be due to its bigturface area and lower ash content, although
red cedar char contains lower potassium and iroteods as compared to sorghum char (as
shown in Table 3.2). The adverse effect of higieail content in sorghum char may have nulled
the catalytic effect of potassium on sorghum ckactivity. We observed that the ash residues
(primarily composed of silicon) of sorghum chansajs contained some black carbon, instead of
the pure ash residue found in red cedar char. mheaated black carbon found in sorghum char
implies that high silicon content of sorghum chayrhave adversely affected the reaction of
CGO, on carbon surface. This is possibly due to thekalge created by silicon content that affect
diffusion of CQinto the carbon surface [32]. However, the catalgtitivity of mineral also
depends on dispersion rate of metal and the foratadirrence (dispersive metal, salts or
organically bound compounds). The low reactivitysofghum char can also be attributed to low
availability of metal active cites as follows. Nighma[37] hypothesized that for metal to have

catalytic effect, it must approach oxygenated gsomp char to form active site [22]. However, to
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further studies are needed to test the hypotheaissilicon content prevent char from
gasification.

High R-squared obtained for linear fitting of cantmonversion (Figure 3.4) showed that
the gasification was chemically controlled over ¢éméire range and was not influenced by pore
diffusion. The selected kinetic models were suéédblrepresent the gasification reaction [38].
The maximum reaction temperature (1,009 was still under chemical control region, which
was consistent with findings of Yuan et al. (2085t gasification reactions are chemical
controlled at temperatures below 1,0@0[27]. Transition from chemical to diffusion cooit
region varies with sample properties and condit{a8s 27]. For most chars derived from
lignocellulosic biomass, the transition temperatas found to be 900 -100C in such as in
studies of Wang et al. [39] and Lahijani et al.][Fr coal char, transition temperature was
above 1,000C [40]. With random pore model (RPM), structuratgraeteny that provided best
fitting quality were 0, 0, 5.1 for red cedar chad®, 0, 3.4 for sorghum char at 800, 900 and
1,000°C, respectively. A wide range ofhas been reported for various chars (0 to 50)42D,
Our calculatedy were close to the values reported for the pine [@t§. The RPM assumes that
the reaction surface changes due to competing gsesethe effect of pore growth and the
destruction of pores due to coalescence of neighdpgores [42]. Low value of (< 2) was an
indication of reaction with negligible pore grovahd dominated by pore coalescence [21]. The
averagey values of red cedar char and sorghum char werand7..1 respectively, indicating
that the reaction surface of redcedar and sorghanahanges mainly due to coalescence of

neighboring pores rather than pore growth.
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Table 3.4. Fitting quality of models at various terperatures

Quality of fit
Temperature (°C) Red cedar char Sorghum char
SCM RPM SCM RPM
800 0.93 0.94 0.89 0.90
900 0.90 0.92 0.85 0.89
1000 0.81 0.94 0.81 0.90

The fitting qualities of the two models are preseérnh Table 3.4. RPM and SCM had
good agreement with all experiment data and tht&img qualities were all higher than 0.8.
However, the RPM model fitted better than the SGMlletemperature, especially at 1080 The
pre-exponential factor, A, and the activation egeEp, are listed in Table 3.5. The activation
energy based on RPM (143-147 MJ/kg) was lower thahbased on SCM (163-167 MJ/KQ),
which was consistent with the findings of Sircaake{20]that activation energy calculated using
RPM is normally lower than that calculated usingvB[20]. The activation energy values of
redecedar and sorghum char were consistent widetteported in literatures (see Table 5).
Sircar et al. [20] and Seo et al. [41] reportedvation energy values of 125 + 30 and 125-206
MJ/kg for pine char and various coal char, respebti[20]. However, activation energy of 204
MJ/kg for pistachio nut shell gasification was repd to be higher than our results [19].

Table 3.5. CQ gasification kinetic parameters of char

Reaction Ea A (min™) R? References
Model (KJ/mol)
Sorghum char SCM 163.1 4 .5E+05 0.993 Th@s study
RPM 147.4 8.6E+04 0.999 This study
Red cedar char SCM 167.2 5.5E+05 0.992  This study
RPM 143.8 5.5E+05 0.998 This study
Pistachio nut shell RPM 204 - - [14]
Pine char RPM 125+30 8.9E+3 - [15]
Various coal chars SCM 125-206 2.6E+4 - 4.7E+7 - 5] [3

80



3.4. Conclusions

Physical and chemical properties of sorghum anceeldr char derived from a downdraft
gasifier were investigated. Char derived from doraftdyasification had higher heating values
and lower ash contents than char derived fromiftedibed gasification, indicating char derived
from downdraft gasification is more suitable forther applications, such as soil amendment,
than char derived from fluidized bed gasificatibticropores and mesopores dominated in both
sorghum and red cedar chars. Red cedar char cedtaiore micropores and mesopores than
Sorghum char. XRD results indicated that the chas mot completely carbonized. NMR showed
that, while both chars have significant aromatidoa, red cedar char also has some intensity in
the regions corresponding to aliphatic carbon ai@HC The gasification reactivity of red cedar
char was higher than that of sorghum char. RPMS(@#ll had good agreement with all
experiment data, but the RPM model fitted bettantthe SCM model at all temperatures.
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CHAPTER IV

CATALYTIC REFORMING OF TOLUENE (MODEL TAR) BY CHARSUPPORTED

NICKEL CATALYST
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Abstract: Char and tar are two byproducts of biomass gasificaTars in biomass-generated
syngas must be removed prior to utilization to preéclogging in downstream facilities while
char is traditionally considered as low value byret. The purpose of this study was to utilize
gasification derived char as a catalyst for taroesth Red cedar char collected from downdraft
bed gasification was chemically activated intoat®d carbon and impregnated with nickel
acetate and nickel nitrate. The effects of nickdtissprecursor, nitric acid treatment of support
and reduction of nickel in hydrazine medium on lgastaperformance were studied. The catalysts
were characterized by,hysisorption, TPD, TEM, and XRD, and tested im $keam reforming

of toluene. The activated char support was doméhiayemesopores and mesoopores. It was
found nickel nitrate was a better nickel precutban nickel acetate for preparation of char
supported nickel catalyst. The catalyst impregnatital nickel nitrate was found more active in
steam reforming of toluene than catalyst impreghatéh nickel acetate. The TEM results
indicated that the nickel particle size of catalpgpregnated with nickel nitrate was much smaller
than that of catalyst impregnated with nickel aket@he particle size of catalyst impregnated
with nickel acetate was decreased by hydrazinectexfubut was still larger than catalyst
impregnated with nickel nitrate. The primary gasdurct of steam reforming of toluene was H
followed by CO and C® The H content and C@decreased as the temperature increased from

600 to 700C while the CO content increased with decreasemperature.

Keywords: char; catalyst, toluene reforming, gasification
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4.1. Introduction

Gasification, a biomass thermochemical converseghriology, converts biomass into
synthesis gas (syngas), a mixture of primarily oarinonoxide, carbon dioxide and hydrogen.
The produced syngas can be further used as ade&dst hydrocarbon fuels production through
the Fischer-Tropsch synthesis (FTS) process, winatiuces hydrocarbons of different lengths.
Syngas can also be used as an alternative to hgaséuel for hydrogen or power production.
However, biomass-generated syngas cannot be ussdlylbecause it contains high
concentration of tars, a mixture of several aromadimpounds that must be removed prior to
utilization of syngas [1, 2] because tars causs aflequipment problems such as condensation
on facility leading to fouling [2]. The environmahiegislation also requires removal of toxic
aromatic compounds from syngas.

Wet scrubbing, catalytic conditioning and high temgiure thermal cracking were three
major syngas conditioning methods. Catalytic caadibhg is of the most promising because of
its high conditioning efficiency. However, catatytonditioning of tar in syngas can increase
H./CO in sygans [3-5]. The typical,KCO ratio of biomass-generated syngas is lower 1han
which is significantly lower than the desired hygkea to carbon monoxide ratio for the FTS
(about 2.0) [6].

Recently, biochar, one of the byproducts of biongssfication, was reported as a potential
catalyst for tar removal [7]. The catalytic actyf char for tar elimination can be related to its
pore size, surface area, and ash or mineral cootéhé char. Char also can be activated into
activated carbon and used as a support for prapar@ial catalysts [8, 9]. When activated carbon
is used as a catalyst support, it has unique piiepesuch as its stability in both acidic and basi
media, the possibility of easy recovery of precimetals supported on it and the possibility of
tailoring both its textural and surface chemicalgarties according to the targeted aims of the

catalyst producers [10, 11].
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Pretreatments to the carbon support can significaffect the properties and performance
of the carbon-based catalysts. High surface aptégaoup and oxygen-containing functional
groups on the surface play an important role ialgat reactivity of biochar. The metal dispersion
ratio and metal—carbon interactions also affectéaetivity of carbon supported metal catalysts.
Several studies have confirmed that pre-treatnedrastivated carbon increase metal dispersion
ratio, support surface area and surface functigralp, thus, influence its reactivity [12, 13].
Pre-treatment of the catalyst includes acid treatraécarbon with various types of acid,&0,,
HNO,) and treatment with various reducing agent, sschyarazine or NaBH Acid treatment
can increase surface oxygenated groups on theasedicarbon, and thus increase its catalytic
activity [12, 14-16]. Aksoylu et al. (2001) [12ustied the effect of HNglreatment on Pt/carbon
catalyst performance in the benzene hydrogenagiaction. The results showed that HNO
treatments not only led to increase in oxygen bgagroups on the exterior and interior surfaces
of the activated carbon, but also enhanced digperdiPt. The catalyst activity test showed that
the treated catalyst exhibited higher efficiencgaspared to the untreated catalyst [14]. Besides
acid treatment, hydrazine treatment has also widlegn used for catalyst preparation as a
reducing agent of metallic catalyst. Treating thtalyst with reducing agent produces
nanoparticle metal catalyst with small averageigarsize and high dispersive ratio [13, 17, 18].
Wojcieszak et al. [13] compared the propertiesyafrazine treated catalysts (reduction of nickel
by aqueous hydrazine) and classically preparedysétgwithout the hydrazine treatment) and
found that the hydrazine reduction process improwvethl dispersion and catalyst efficiency.

Nickel based catalysts have been widely used irefarming [19-22]. Swierczynski et al.
[23] found that the nickel based catalyst was \effgctive in reforming of tars. Michel et al. [20]
compared performances of olivine-based catalyststéam reforming of methylnaphthalene
(MNP) as a model tar compound. The results shoha&idconversion efficiency of MNP to

CO/H, with olivine alone (4%) was much lower than théatwNi/olivine (30%).
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The objective of this study was to develop a nebalr based catalyst. Red cedar-derived
char was used as a support material for nickel.prareatment method and the precursor effect
on the catalytic performances were studied: ttst fiqpe of catalyst was prepared by mild
oxidation of activated carbon (support) with nitaicid and reduction of impregnated nickel
acetate or nickel nitrate with hydrogen; the sedypé of catalyst was prepared by reduction of
nickel acetate with hydrazine. The properties @rdiased catalysts were evaluated using TEM,
XRD and N isotherms, and the catalysts’ performances weatedan steam reforming of
toluene (a model tar compound).

4.2. Materials and Methods
4.2.1. Materials

The char for making catalysts in this study wasipoed from gasification of eastern red
cedar in a unique downdraft gasifier as describhezhapter 3 [24]. The red cedar was obtained
locally in Stillwater, OK, USA. The gasificationngerature was around 900 °C [24].

Ni(NO3),- 6HO, Ni(CH;COO)-4H,0 (>99.0%) and hydrazine anhydrate (50-60%) were
purchased from Sigma Aldrich (St. Louis, MO, USAhe KOH was purchased from Fisher
Scientific (Pittsburgh, PA, USA).

4.2.2. Activated Carbon Preparation

Chemical activation is a widely used activation meel for making activated carbon [25, 26].
This method uses chemicals such as KOH and NaQi astivator to develop pores. In our
study, biochar was mixed with KOH and soaked for Zhe mixture was dried in an oven
overnight at 105 °C. The dried mixture was therc@thin a fixed-bed tubular reactor and
activated. The reactor was first heated to 3@0and held at this temperature for 2 h to prevent
carbon loss from biochar. For carbonization, timegerature was then raised to 800 °C and
biochar was activated at this temperature for lu&drer nitrogen flow of 200 ml/min. After
carbonization, the biochar was washed with deiahizater until the pH of leaching water

reached 7.
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4.2.3. Catalyst Synthesis

The activated carbon was treated with 30% HIN€&fore loading nickel. Activated carbon
was loaded a round bottom flask equipped with entbeneter and reflux condenser. The flask
was immersed in a water bath at 70 °C. The activedebon suspension was stirred continuously
using a magnetic stirrer bar. After 1.5 h acidtiment, activated carbon was filtered from the
suspension into a funnel and washed with deionizaer until pH of the filtered solution
reached neutral. The acid soaked biochar was thed ith an oven at 105 °C overnight. The
dried acid treated activated carbon was wet imgatsghin a solution of nickel acetate or nickel
nitrate. The concentration of the nickel acetatatsm was calculated before impregnation in
order to achieve 10 wt. % nickel loading. The migtwas ultrasonicated for 3 h and kept in a
vacuum desiccator for 16 h. The soaked samples tiveredried in the oven at 105 °C and
denoted as Ni-AC-N (activated carbon loaded wittkali nitrate) and Ni-AC-A (activated carbon
loaded with nickel acetate).

To study the effect of hydrazine reduction on getiaproperties, Ni-AC-A was further
treated with hydrazine using a method developéitierature [13]. The catalyst precursor was
soaked in a 2.0 M hydrazine solution for reductibime reduction of nickel catalyst precursor was
performed in a 250 ml three necked flask that waseérsed in a hot water bath. The reaction
flask was fitted with a reflux condenser, a thermtenand a gas tubing for using helium to purge
the air out of the flask. The mixture of nickelagst precursor and hydrazine solution was
stirred at 80°C for 4 h. After reduction, the cgsaiwas filtered and the excess hydrazine left in
catalyst was washed off with deionized water. Tétlgst was then dried in an oven at 105 °C
before test and denoted as Ni-AC-AH.
4.2.4. Catalyst Activity Test

The catalyst activity test was performed in a fiked reactor with a 1/2 inch diameter
stainless steel tube at temperature of 600, 70B88AJC. Catalyst was loaded in the reactor with

two layers of quartz wool. One layer of quartz waals kept beneath catalyst for support and one
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layer of quartz wool was kept above the catalyshade gas uniformly mixed. The catalyst
particle sizes of 0.3-0.6 mm and catalyst weight @25 g. The catalyst was reduced by 200
ml/min mixed hydrogen flow (50% hydrogen mixed wi®% nitrogen) at 350 °C for 3 h. After
reducing, the reactor temperature was increastitetdesired reforming temperature for each
catalyst test. During each test, 150 ml/min ofag#én controlled by a mass flow controller
(Burkert, Charlotte, NC, USA) was introduced inte reactor. 0.95 ml/hr water and 0.4 ml/hr
toluene (steam to carbon ratio: 2) were injectatdinoally into the gas feeding line using syringe
pumps (model 200, KDS scientific, Hollistion, MASA). Samples were taken at 45-55 min.
The gas hourly space velocity (GHS\as flow rate/catalyst bed volume) was about 8000
h™. Concentration of reactor outlet gas (hydrogerh@amonoxide, carbon dioxide and
methane) was measured by a gas chromatograph lEittdetector (Model CP-3800, Varian,
Inc., Palo Alto, CA, US) and installed with a paglelumn (HayeSep DB). The toluene
concentration was determined by a gas chromatognapddled with a capillary column (DB-5)
and a mass spectroscopy detector (GC 7980A, MS, 2gjitent, Santa Clara, CA, US).

The toluene conversion can be defined by Equatibhi2¥]:

: C%:gluene_cgélltuene i
Conversion (%) = e x 100 (Equation 4.1)
Ctoluene
WhereCl?, ... andC24t ... were the model tar (naphthalene or toluene) nftdar rates of the

inlet and outlet gases. Benzene yield as Equat®2Z]:

out

Benzene yield(%) = % x 100 (Equation 4.2)
toluene

Gas composition was calculated as Equation 4.3 [27]

mole of each gas product
total mole of gas products (H,+CO+CO,+CH,)

Gas composition (%) = X 100 (Equation 4.3)
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4.2.5. Catalyst Characterizations
4.2.5.1. XRD and TEM

The morphologies of activated carbon supportedysttawere characterized by X-ray
diffraction (XRD) and transmission electron microgg (TEM). Particle size and crystalline
phase of Ni were determined using XRD (PANalyti¥gstborough, MA, US). XRD
experiments were performed using Cu tadiation at 40 kV and 100 mA. Diffraction dataswva
recorded using continuous scanning at a step §@®2°, 0.5s per step. The average particle size
of Ni was calculated according to the Scherrer—faaquation. The Ni dispersion was
examined using transmission electron microscopyMI&EOL JEM-2100, AKISHIMA-SHI,
Tokyo, Japan). TEM images were obtained by dispgrsatalysts on carbon grids in isopropanol
under supersonic-wave shaking.
4.2.5.2. Surface Area and Temperature-Programmed Berption (TPD)

Surface area and pore properties (pore distribatimhaverage pore size) of catalysts and
char were measured vig Bldsorption at -198 °C using a surface area ama{pagosorb-1C,
Quantachrome, Boynton Beach, FL,US). Surface &ga)(was analyzed using Brunauer—
Emmett-Teller (BET) theory. Pore volumes and pare distribution were estimated using
Quenched Solid State Functional Theory (QSDFT).

TPD experiments of activated carbon supports waneed out in the same equipment with
N, adsorption. Samples were first dried at 140 °Gsfbmin to remove moisture under 40ml/min
helium flow. The dried sample was cooled to 10(&fbre test and then heated from 100 °C to
900 °C with heating rate of 20 °C/min. The evol¥&d and CQwere detected by a thermal

conductivity detector (TCD).

94



4.3. Results and Discussion
4.3.1. Catalyst Characterization

4.3.1.1. Nitrogen Adsorption

Specific surface areasdg®) and pore volumes were measured using a liquidgen
isothermal method and listed in Table 4.1. Basethemesults, char surface area was
significantly increased by chemical activation (eesed from 60 ffg to 1570 ri/g). Acid
treatment did not significantly reduce the surfacea of activated carbon. 10% nickel loading
significantly decreased the surface area of a&d/aarbon (reduced about 30-40%). The red
cedar char was dominated by mesopores (52 voldtgwed by micropores (42 vol.%) with
total pore volume of 0.04 clg. After activation, the total pore volume of aetied carbon
increased and so did the volume percent of micexpdviore detailed pore size information was
obtained from pore distribution analysis (see Feglil). Large quantities of micropores (<2 nm)
and mesopores (2-50 nm) were detected. The mesopere mostly composed of small

mesopores (<8 nm).

Table 4.1. Texture properties of the different actrate carbons and Ni catalyst.

S3ET1 Vmicrm Vmicro- Vmeso Vmeso TOtaI pOl’e DNiv DNi-

(mPlg)  (cmg) (%) (cm/g) (%) volume  tem  xrDp
(cmg)  (nm) (nm)

Raw char 68 0.02 42.85 0.02 52.38 0.04 NA  N.A.
AC 1570 0.50 62.50 0.30 37.50 0.80 NA  N.A.
Acid AC 1524 0.50 70.40 0.21 29.60 0.71 NA  N.A.
Ni-AC-N 965 0.31 73.80 0.11 26.20 0.42 7-13  N.A.
Ni-AC-A 945 0.30 75.00 0.10 25.00 0.40 15-39 18
Ni-AC-AH 1021 0.35 79.50 0.06 20.50 0.44 11-18 17

“NA” means not applicable

Compared with acid activated carbon, the volumeegydrof micropores of Ni-AC-N and Ni-
AC-A increased while volume percent of mesoporeNieAC-N and Ni-AC-A decreased (see
Table 4.1). Peak corresponding to mesopores with giameter 8-10nm (Figure 4.1) presented
in activated carbon supports but disappeared ofAQNN and Ni-AC-A. The decrease of

mesopores was probably due to integration of nittketesopores. A similar finding was
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discovered by Garcia et al. [9] on carbon basekiehicatalyst. They found that nickel dispersion
positively related to the mesopores and macropaiesne of the carbon support, and concluded

that only mesopores and macropores were accessilliekel precursor.
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Figure 4.1. Pore distribution of activated carbonsand char supported Ni catalysts.
4.3.1.2. TPD and FT-IR

Oxygenated functional groups on activated carborewealyzed using TPD and FT-IR.
Volatiles desorption occurred at different temperes due to decomposition of various
oxygenated functional groups over activated cashoface. The decomposition temperatures of
different oxygen bearing surface with TPD are wgtlidied in literatures [12, 28]: the low
temperature peak resulted from decomposition dfmaylic acids (200-300C); the medium
temperature peaks were assigned to lactones (1®83)5higher temperature decompositions
were associated with carboxylic anhydrides, carhgrhenols, ethers, carbonyls and quinone
groups (700-100€C). As seen in Figure 4.2, peaks were observell ieraperature regions for
both activated carbon and acid treated activatdaboaindicating that activated carbon and acid

treated activated carbon contained multiple oxyigectional groups. The peaks of acid treated
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activated carbon were higher than peaks of rawatetil carbon, indicating that acid treatment
increased the quantity of surface oxygen functigmalips on activated carbon.

Small bands observed on region 1140-1000,ct620-1450 crhand 1700 cih FTIR
spectra (Figure 4.3) were assigned to ether, qeiamal lactonic groups [28]. Those three bands
on the spectrum of acid treated activated carbae wmre intense than activated carbon,
suggesting that the acid treated activated carbotaimed larger amounts of ether, quinone and

lactonic groups than activated carbon. The observalf greater quinone groups was consistent

with results from TPD.
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Figure 4.2. TPD profiles of raw activated carbon ad acid treated activated carbon
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Figure 4.3. FTIR spectra of raw activated carbon ad acid treated activated carbon

4.3.1.3. X-ray Diffraction (XRD)

One broad peak at 23° and one weak peak at ar@inaete observed on activated carbon
(Figure 4.4). The peak at 23° was attributed to(@I82) reflection of the graphitic-type lattice
and the peak at 43° corresponded to a superpositid®0) and (101) reflections of the
graphitic-type latticeThe broadness and weakness of two reflection pefadkstivated carbon
indicated a low degree of graphitizatidrhe XRD patterns of the Ni-AC-A and Ni-AC-AH
showed three reflection peaks (Figure 4.4) at*4dnd 51.5and 76.4°. Those peaks were
assigned to crystal planes of 111, 200 and 220etélific nickel with a face-centered cubic
structure [13]. The signals on spectrum of Ni-AC-Mdre less intense than Ni-AC-A,
suggesting a smaller nickel particle size and betigal dispersion on Ni-AC-AH. XRD pattern
of Ni-AC-N only showed two peaks at 44 &nd 51.5. Both peaks were less intense than XRD
peaks of Ni-AC-AH and Ni-AC-A, suggesting that NCGAN had the highest nickel dispersion
and smallest nickel particle size. The nickel @alsizes of Ni-AC-A and Ni-AC-AH were
estimated (see Table 4.1) using the Scherrer eguly knowing line broadening at half the

maximum intensity of the most intense peak. Thinedion of nickel crystal size of Ni-AC-N
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was not possible to difficulty in obtaining thedibroadening at half the maximum intensity of

the most intense peak.

111
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10 20 30 40 50 60 70 80
26(°)

Figure 4.4. XRD pattern of activated carbon suppors and nickel catalysts

43.1.4. TEM

As seen from Figure 4.5, the shape of the nickelghes on the three catalysts was
essentially spherical. Ni-AC-N (Figure 4.5 (a)) sfeal the highest nickel dispersion and smallest
particle sizes, which was consistent with the tssafbtained from XRD. The nickel particle size
of Ni-AC-A (Figure 4.5 (b)) was larger and agglomson of nickel particles was more severe,
while the nickel particle of Ni-AC-AH (Figure 4.8)) dispersed better and was smaller,
indicating hydrazine treatment improved the metspersion on catalyst with nickel acetate
precursor. The same phenomenon was also observafbjojeszak et al. [13]. When they
prepared activated carbon supported nickel catafgstbenzene hydrogenation, they found that
the nickel catalysts prepared by hydrazine chennezhuction had much smaller particle size
(<5nm) than that prepared by hydrogen reductiorhat (10-40 nm). The nickel particles sizes
of Ni-AC-N, Ni-AC-A and Ni-AC-AH measured from TEMere 7-13, 11-18 and 15-30 nm

respectively (Table 4.1).
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(c) Ni-AC-AH
Figure 4.5. TEM of activated carbon supported nickecatalysts. (a) Ni-AC-N, (b) Ni-AC-A, (c) Ni-AC-AH
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4.3.2.Catalyst Activity
4.3.2.1. Influence of Reforming Temperature and Cailyst on Toluene Removal

It can be seen that the temperature significanflyénce toluene conversion. Nickel
precursor also greatly affected toluene conver@er Figure 4.6). Catalyst prepared from nickel
nitrate precursor (Ni-AC-N) showed the highest ¢ole conversion (72% and 80% at 600 and
700 °C respectively), whereas catalysts prepamad frickel acetate (Ni-AC-A and Ni-AC-AH)
showed lower toluene conversion (58% and 65% feAGHA, 63% and 72% for Ni-AC-AH at
600 and 700 °C respectively). The lower activitycafalysts prepared from nickel acetate than
catalyst prepared from nickel nitrate was probahig to lower dispersion and larger metal nickel
particle sizes as seen from the results of XRDEHEMI. The lower catalyst activity was also
probably due to the incomplete reduction of nickedtate. Wojcieszak et al. [29] found that
catalyst with nickel acetate precursor was moricdit to be reduced than catalyst with nickel
nitrate precursor. The nickel acetate precursornsasompletely reduced by hydrogen at
temperature below 733 K while the nickel nitratéagest could be easily reduced into metal
nickel (NP, O state) at 623 K [29]. The nickel nitrates preouwas able to reduce at such low
temperature because nickel nitrates species casityde calcined into NiO even at low
temperature (500 K) [9].

10C )
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Toluene conversion (%)
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=0—Ni-AC-N —#=Ni-AC-A Ni-AC-AH

Figure 4.6. Toluene conversion at different tempetare (600-800 °C)
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Performances of various catalysts in steam refayrofrtoluene as model tar have been
studied (Table 4.2) and different tar removingaéincies have been reported. The efficiency of
Ni-AC-N was close to other nickel catalysts reporiiteliterature [23] and [30] and the efficiency
of Ni-AC-A was lower than those catalysts. Howewrect comparison of different catalysts in

different studies may not be reasonable, becafisenimg conditions, such as steam to carbon

ratio and space time, were different. Those comitivere proven to affect catalyst performance.

For instance, two space times were used to tasttgaf three commercial catalysts (Cerium
zirconium platinum, Hifuel R110 and Reformax 25@)Ndudinoor et al. [31] and the results
showed that high space velocity heavily enhanceda#ialysts’ efficiency.

Table 4.2. Catalytic performance of different cataysts in literatures

Catalyst Temperature Space time Toluene Reference
(°C) (Kgea hinT) conversion (%)

Ni/Olivine 600-850 $ 74-100 [23]
Ni-CeO,/SBA-15 700-850 16 80-99 [30]
Cerium zirconium 700 7.5E-4 1.26E-3 70-95 [31]

platinum
Hifuel R110 700 7.5E-41.26E-3 80-97 [31]
Reformax 250 700 7 5E-41-26E-3 75-93 [31]

! defined as the catalyst weight over the volumétniw rate of toluene vapor

2 defined as the catalyst weight over the voluméimie rate of total gas flow

4.3.2.2. Influence of Reforming Temperature and Calyst on Gas Composition and Benzene
Yield

Various reactions mechanisms have been hypothesizgeratures during toluene

reforming and are summarized as follows [23, 32]:

Steam reforming: Hg+ 7TH,O0 -7CO+11H (Equation 4.4)
C;Hg + 14H0 — 7CO; + 18H, (Equation 4.5)
Water gas shift: e0LO - CO + H, (Equation 4.6)
Dry reforming: Mg+ 7CQ — 14CO + 4H (Equation 4.7)
Hydrodealkylation: 78 + H, —» CgHg + CH, (Equation 4.8)
Methane steam reforming: £HH,O0 - CO + 3K (Equation 4.9)
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Water gas reaction: GOH-> CO+H, (Equation 4.10)
Boudouard reaction: C+£02CO (Egoa 4.11)

As shown in Figure 4.7, low benzene yield was oletat all conditions (0-2%), except for
Ni-AC-A catalyst at 600 and 70C (4-9%). For all catalysts, benzene yield decrdasethe
reaction temperature increased from 600 to“8)0rhe decrease in benzene yield was probably
because high temperature promoted the decompositib@nzene into permanent gases. Benzene
is more thermally stable than toluene and its dgxasmion requires more energy [33].

The primary gas product of steam reforming of tokuevas H followed by CO and C&lsee
Figure 4.7). CHwas not detected in any experiments. The absdnoethane in the final
products indicated that methane, as an intermedfdtgdrodealkylation reaction, was consumed
by methane steam reforming. The débntent and C@©decreased as the temperature increased
from 600 to 700C while the CO content increased with decreaseritperature. This might be
caused by the improved endothermic reverse wageslyé reaction (Equation 4.6) at high
temperature[30]. This trend was also reported ly taal. [30] during steam reforming of
toluene over Ni/SBA-15 catalyst. The selectivitypodbduct gas was not calculated in this study

as carbon support was found to react with hydrageen nickel was loaded on carbon [13].
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4.4.Conclusions

Red cedar char produced from a downdraft bed gasin was chemically activated into
activated carbon and used as a support for prepahiar-nickel catalyst. The effects of nickel
salts precursor, nitric acid treatment of suppod geduction of nickel in hydrazine medium on
catalyst performance were studied.

Nickel nitrate was found to be a better nickel preor for preparing char supported nickel
catalyst. The catalytic efficiency of toluene rerabfor the three catalysts was ranked from
highest to lowest as Ni-AC-N > Ni-AC-AH > Ni-AC-Alickel particle size of the catalyst
impregnated with nickel nitrate (Ni-AC-N) was sneglthan that of catalyst impregnated with
nickel acetate (Ni-AC-A and Ni-AC-AH). The particsze of catalyst impregnated with nickel
acetate decreased with hydrazine reduction bustilhkarger than catalyst impregnated with
nickel nitrate. The primary gas product of steaforraing of toluene was Hollowed by CO
and CQ.The H content and C@decreased as the temperature increased from GIDIEC

while the CO content increased with decrease ipézatiure.
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CHAPTER V

NATHAPLENE REFORMING OVER CHAR BASED CATALYST
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Abstract: Polyaromatic tar compounds, such as naphthaleaelifficult to crack and have not
been studied extensively in the literature. In #tigly, a char based nickel catalyst was used for
steam reforming of naphthalene and toluene. Effetdmperature on catalyst performance was
studied. Results indicated that increase in tentperaignificantly increased the reforming
efficiency of both toluene and naphthalene: thedoné conversion increased from 36% to 99%
and the naphthalene conversion increased from 878% as temperature increased from 700 to
900°C. H, was the main gas product followed by CO and.CH, was not found in product

gas. Fresh and used catalysts were characteriz8&Myand N isotherm. SEM pictures showed
that fresh catalyst maintained fibrous structuresdfcedar. However, destruction of fibrous
structure of catalyst was observed after the ule shirface area of the used catalyst (265)m
was significantly lower than that of the fresh ¢ga(965 ni/g). The fresh catalyst was primarily
composed of micropores (74 %), followed by mesop@2é %), while the used catalyst was
primarily composed of mesopores (59%) followed bgropores (22%) and macropores (19%).
The decrease in surface area of catalyst aftewasecaused by coking and destruction.

Keywords: naphthalene; steam reforming; char; catalyst
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5.1. Introduction

Syngas derived from biomass gasification can bd tereproduction of hydrocarbon- fuels,
chemicals and power. However, unprocessed syngemthe used directly because it contains
unacceptably high concentration of tar, which megalivate downstream catalysts and condense
on pipes and reactors. Biomass gasification taraemplex mixture that contains hundreds of
aromatic compounds. The components in biomassatabe categorized tar into five classes (see
Table 5.1): undetectable, heterocyclic, light arbenlaydrocarbons (LAH), light polyaromatic
hydrocarbons (LPAH) and heavy polyaromatic hydrboas (HPAH)1].

Table 5.1. Classification of tar components, adaptefrom reference [1]

Tar

class Class name Property Representative compounds

Very heavy tars, cannot be Determined by subtracting the
’ GC-detectable tar fraction
detected by GC f . .
rom the total gravimetric tar
Tars containing hetero atoms; Pyridine, phenol, cresols,
2 Heterocyclic  highly water soluble guinoline, isoquinoline,
compounds dibenzophenol
Usually light hydrocarbons
Light aromatic  with single ring; do not pose a Toluene, ethylbenzene,
(1 ring) problem regarding xylenes, styrene
condensability and solubility

1 GC-undetectable

Indene, naphthalene,
methylnaphthalene, biphenyl,
acenaphthalene, fluorene,
phenanthrene, anthracene

Light PAH 2 and 3 rings compounds;
4  compounds (2—-3 condense at low temperature
rings) even at very low concentration

Larger than 3-ring, these

Heavy BAH components condense at high-Fluoranthene, pyrene,
5 compounds (4-7
rings) temperatures at low chrysene, perylene, coronene
concentrations

Many researchers have studied the tar reforminggzousing model tar compounds instead
of real tar, because of the complexity in using ta&a The common tar model components used
are toluene, benzene, phenol, naphthalene andgyfefuene and benzene represent one-ring
compounds. Naphthalene represents 2-ring compowfsh are major tar component produced
in high temperature gasification. Phenol represkeatsrocyclic compounds produced primarily at

gasification temperature lower than 800 °C [2].dPw represents 3-ring and higher compounds.
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Coll et al. [3] studied the reactivity of five mddBomass gasification tars in the literature, dgri
steam reforming. Their research showed the ordezadtivity to be benzene > toluene
>anthracene > pyrene > naphthalene. Most of therpaported the steam reforming
performance using one-ring compounds such as telaed benzene [4-6], and only limited study
is available on reforming of model compounds withitiple rings.

Char-based catalyst is a cost-effective alterndtvether transition metal-based catalysts
[5], such as Ni/Al catalyst. Many studies have ssstully applied char-based catalysts in various
applications including removal of tars [7-9]. Inglstudy, steam reforming of naphthalene and
toluene was studied using char-based nickel catalgtuene was used as light monoaromatic
model tar compound. Naphthalene was used as l@ampmatic model tar compound because
high molecular weight compounds, such as naphtbakme difficult to crack and have not been
studied extensively.
5.2. Material and Method
5.2.1. Catalyst Preparation

The raw char, used as the precursor for catalygict material, was produced through air
gasification in a pilot scale downdraft gasifiemgseastern redcedar (obtained locally in
Stillwater, OK, USA) as the biomass. The biomasait@quilibrium ratio for gasification was
0.2 and the gasification temperature was appro@in&00 °C. Char was then activated and
impregnated with nickel nitrated (Ni-AC-N). The di&d preparation procedure of catalyst is
described in chapter 4.
5.2.2. Catalyst Characterization

Surface areas and pore properties were measur® isathermal adsorption using a
surface area analyzer (Autosorb-1C, Quantachromgnt®n Beach, FL, USA). Data were
analyzed using the Brunauer—Emmett-Teller (BETymheThe morphologies of the activated
carbon, fresh and used catalyst (used in reforfiging h) were examined by Scanning Electron

Microscopy (SEM) (FEI Quanta 600, FEI Company, $titro, OR, USA).
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5.2.3. Catalyst Tests

The catalytic reforming tests were performed iixad bed reactor with a 1/2 inch inner
diameter. All pipes were heated at 230 °C to pretercondensation. The catalyst was reduced
in 200 ml/min hydrogen (50% hydrogen, 50% nitrogmy at 350 °C for 3 h before testing.
Conditioning temperatures were 700, 800 and 900Nd&phthalene was used in a solution with
toluene as solvent (10 wt. % of naphthalene). @urésting, 150 mi/min flow rate of nitrogen
controlled by mass flow controller (Burkert, Chaidg NC, USA) was introduced into the reactor.
The water and naphthalene/ toluene mixture weeeiag into evaporator by syringe pumps
(KDS scientific, model 200, Holliston, MA, USA) ariden carried by nitrogen gas into reactor.
The feeding rates of water and naphthalene/tolugxtire were adjusted to achieve steam to
carbon ratio of 2. The gas hourly space veloc{@<4SV) were about 8,000'hSample was
injected at about 50 min.

All product gases (hydrogen, carbon monoxide, cadioxide and methane) were collected
in a 1 liter gas bag and analyzed by a Varian jasncatograph with FID detector (Model CP-
3800, Varian, Inc., Palo Alto, CA, USA) and installwith a packed column (HayeSep DB). The
toluene and naphthalene was measured by an Agéenthromatograph installed with a
capillary column (DB-5) and a mass spectroscopgalet (GC 7980A, MS 5975, Agilent, Santa
Clara, CA, USA).

The tar conversion can be defined by Equation H]: |

in out
Ctar_ctar

in
Ctar

Conversion (%) = x 100 (Equation 5.1)

WhereCil. andC2it were the model tar (naphthalene or toluene) nftdar rates of the inlet and

outlet gases. Benzene yield as Equation 5.2 [10]:

out

. 6xC .
Benzene yield(%) = — benzene x 100 (Equation 5.2)
7c2 +10Ci
toluene naphthalene
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Gas composition was calculated as Equation 5.3 [10]

mole of each gas product
total mole of gas products (H,+C0+CO,+CH,)

Gas composition (%) = X 100 (Equation 5.3)

5.3. Results and Discussion
5.3.1. Catalyst Activity for Naphthalene/Toluene Stam Reforming

The results of toluene and naphthalene steam rafgrane shown in Figure 5.1. When
temperature was below 900, the conversions of toluene and naphthalene siatidgar. At 900
°C, the conversion of toluene was significantly leigthan that of naphthalene. Increase in
temperature significantly increased reforming éficies of both toluene and naphthalene: the
toluene conversion increased from 36% to 99% aptithalene conversion increased from 37%
to 92% as temperature increased from 700 to°@00

The conversion of toluene alone (no naphthalendiaddn toluene) was presented in
chapter 4. Compared to the data presented in ahgpitee conversion of toluene alone (without
naphthalene) was significantly higher than thatagfhthalene/toluene done in this chapter. The
conversion of toluene alone in chapter 4 was 87%0@tC, while conversion was only 36% for
naphthalene/toluene reforming. This indicated sh@am reforming of toluene in
naphthalene/toluene was more difficult than steafimrming of toluene alone. This phenomena
was also found by Jess [11] during catalytic refogrof naphthalene and benzene in the
presence of hydrogen and steam. Jess found thedtiversion of benzene during catalytic
reforming of benzene/naphthalene was significadotiyer than conversion of benzene only (with
no naphthalene). The decrease of benzene remdiatety in the presence of naphthalene was
explained as follows: the adsorption of naphthateméhe surface of the catalyst occurred
strongly, thereby decreasing the conversion of GeazBenzene adsorbed only weakly and thus
did not influence the catalytic conversion. Fostsiudy, temperature below 90D, naphthalene

did not completely reform and the unconverted nagllbhe strongly adsorbed on the surface of
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the catalyst. As a result, adsorbed naphthalenbtriye covered the active sites on catalyst and

affected the reforming efficiency.

100
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o O o
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20
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0
650 750 850 950

Temperature (°C)

Figure 5.1. Naphthalene and toluene conversions naphthalene/toluene steam reforming at
different temperatures. Steam to carbon ratio: 2.0.

Benzene yield and product gas composition are pteden Figure 5.3 and Figure 5.3.
The benzene yields were very low (less than 3%ratttemperatures) and decreased with
temperature. The benzene yields of toluene alome presented in chapter 4. The benzene yield
of naphthalene/toluene reforming was slightly highen that of toluene alone (0-1 % at 600-800
°C).

In the product gas, Hvas the main component at all temperatures foliblweCO and
CO,. The amount of Clwas unnoticeable at all temperaturegntblar composition was highest
at 700°C and kept nearly constant at 800-900(65% for 800C and 66% for 900C). Similar
to H,, the composition of CQwas highest at 70 and held nearly constant at 800-900 The
CO composition showed a different trend with respetemperature as compared tpard CQ.

CO composition was the lowest (13%) at W@nd the highest at 80CQ (28%).
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Zhao et al. [12] performed thermodynamic analysist@am reforming of toluene with
different steam to carbon ratios (1.0-4.0) and &majures (650-150). Their calculation was
based on equivalent reaction described in liteegftl®, 12]. Trends of H CO,andCO with
respect to temperature based on thermodynamidlaquih was different from the trends we
obtained in this study’s experimental datahkeld almost constant at all temperatures based on
the thermodynamic equilibrium while it was the leghat 700C in our experimental results. CO
composition almost linearly increased with tempsabased on thermodynamic equilibrium
while it was first increased then decreased withpterature. Cedecreased with temperature and
was highest at 70T. Similar to the absence of methane in this stowthane was absent in
thermodynamic equilibrium results. The differenegas composition between thermodynamic
equilibrium and this experiment indicates that steaforming of naphthalene/toluene over a char

based catalyst is more complicated than the e@rivataction described in literature [10, 12].

- N w

Benzene yield (%)

o
O v P Ml w o, b

650 750 850 950
Temperature (°C)

Figure 5.2. Benzene yields of naphthalene/toluenteam reforming at 700-90C°C. Steam to
carbon ratio: 2.0.
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Figure 5.3. Compositions of gas resulted from naphtlene/toluene steam reforming at 700-
900°C.
5.3.2. Catalyst Characterization
Adsorption and desorption isotherms of fresh cataeyd used catalyst are presented in

Figure 5.4. Detailed properties of fresh catalgst be found in chapter 4. Pore volumes were
estimated using Quenched Solid State Functionabh@SDFT). As discussed in chapter 3,
since ultramicropore and mineral particulates thay exist on activated surfaces are not easily
accessible to nitrogen at low temperature [13, th&] micropore volume may be larger than that
estimated in this study. The observed adsorptiothé&m had features from type | as well as type
IV isotherm, indicating that both catalysts congairpore over a wide range of pore sizes,
including micropores and mesopores [15]. The sicguift increase in adsorbing volume at
relative pressure of 1.0 on used catalyst indicaseéstence of macropore. Both catalysts
exhibited type H4 loops which were associated wiittpores or micropore [15]. Total surface
area, total pore volume and micropore volume dftfreatalyst and used catalyst were listed in
Table 5.2. The surface area of used catalyst (Z6§) mvas significantly lower than that of fresh

catalyst (965rfig). The high percentage of total volume in micnegsa(< 2 nm) on fresh catalyst

(74 %) indicated that the fresh catalyst was maioiyposed of micropores. The used catalyst
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was primarily composed of mesopores (59%) followwganicropores (22%) and macropores
(19%).

Table 5.2. BET surface area and pore volume of cdtests obtained using N adsorption

Surface Vmicr01 Vmicr01 Vmeso Vmeso TOtaI pore
area (cm’lg) (%) (cm®/g) (%) volume
(m°lg) (c/g)
Fresh 965 0.31 73.80 0.11 26.20 0.42
catalyst
Used 265 0.07 21.80 0.19 59.37 0.32
catalyst

V micro @Nd Vinesor€presents micropore and mesopore volume respéctiv

Sger represents BET surface area.

400
350 —o— Adsorption, fresh catalyst
o < Desorption, fresh catalyst
5 300 Adsorption, used catalyst
® 250 —=— Desorption, used catalyst o
(@]
E 200 OO OO0
£ 150
=
S 100
>
50
0
0.00 0.20 0.40 0.60 0.80 1.00

Relative Pressure

Figure 5.4. N, isotherm adsorption on fresh and used catalyst

The morphologies of the activated carbon, freshuesedl catalyst were examined by
Scanning Electron Microscopy (SEM). As shown in SEEMges of activated carbon and the
fresh catalysts (Figure 5.5 (a) and (b)), we cdinss the basic fibrous structure of the red ceda
The micropores (< 2 nm) on activated carbon wasioall to be seen due to limitation on SEM
resolution. On the images of the used catalysuf€ié.5(c)), structural damage seemed to occur
on the activated carbon support. This resulted ftoking [16] and thermal degradation of the
catalysts. As discussed in chapter 4, the carbppastiwas also found to participate in the

toluene steam reforming reaction when nickel wasgmt in the catalyst, resulting in thermal
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degradation and structural damage to the carbgoosu he structural destruction of the used
catalyst may have caused destruction of micropovetsire of the activated carbon and thus

leading to significant decreases in surface arelgpare volume of micropores (see Table 5.2).

(c)

Figure 5.5. Scanning electron microscopy (SEM) imags of (a) activated carbon, (b) fresh
catalyst and (c) used catalyst.

Figure 5.6 shows the backscattered image of fratdiyst and used catalyst. Only a very
small amount of supported nickel appeared to soattehe surface of fresh catalyst, since most
of the nickel was impregnated in the pores of atgigt carbon. In comparison, a large portion of

nickel particles appeared to disperse on the seidhthe used catalyst. This was probably
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because the impregnated nickel was exposed dbhe &iructural destruction of the activated

carbon during reforming.

mag| HV |spot| WD | det | ————— 200 pm
691 x/20.00 kV| 3.0 | 9.0 mm | BSED

- mag HV spot| WD det
*1691 x/20.00 kV| 3.0 |10.2 mm| BSED

(b)

Figure 5.6. Scanning electron microscopy (SEM) baskattered images of (a) fresh catalyst
and (b) used catalyst
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5.4. Conclusions

A char based nickel catalyst was used for steaarmehg of naphthalene/toluene. Effect
of temperature on catalyst performance was stuéedults indicated that increase in
temperature significantly increased the reformifiigiency of both toluene and naphthalene: the
toluene conversion increased from 36% to 99% aacdhéphthalene conversion increased from
37% to 93% as temperature increased from 700 t6®@08, was the main gas product followed
by CO and C@ CH, was not found in product gas. Fresh and usedystéalvere characterized
by SEM and Nisotherm. The surface area of the used catalgst I#/g) was significantly lower
than that of the fresh catalyst (96%g). The fresh catalyst was mainly composed of ogiores
(74%), followed by mesopores (26%), while the usaidlyst was primarily composed of
mesopores (59%) followed by micropores (22%) andropores (19%). The decrease in surface

area of the catalyst after use was caused by cekidglestruction.
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CHAPTER VI

REFORMING OF LIGNIN-DERIVED TARS OVER CHAR-BASED CPALYST USING

PY-GC/MS
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Abstracts: Tar removal is one of the major challenges in imp@atation of biomass gasification
technology. Syngas tars causes formation of aeg@sal soots, which plug filters, reactors and
fuel lines. In this study, a char-derived catalyas tested for removal of tar produced from
pyrolysis of kraft lignin in a pyroprobe reactohd effects of reaction temperature (700, 800 and
900 °C), water amount (5-10ul), pressure (0.1-2R2aMand atmosphere (inert and hydrogen) on
catalytic conditioning of tar components were assésThe tar components were analyzed by
GC/MS. Catechols were the most abundant tar conmerellowed by phenols and guaiacols
during non-catalytic kraft lignin pyrolysis. Resulhdicated that the char-based catalyst
effectively decreased the contents of lignin taxa&ion temperature, water loading and reaction
pressure significantly affected the tar removal.iderease in reaction temperature led to an
increase in removal efficiency of most tar compda&xcept naphthalene. Excessive water
loading (10ul) decreased the tar removal efficiemicthe char-based catalyst. High pressure
promoted the catalytic conditioning of lignin ta&iar contents decreased significamtligen
hydrogen was used as a gasification agent andotionsoted the conversion of lignin into non-
condensable gas.

Keywords: lignin; char; catalyst; tar removal; Py-GC/MS
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6.1. Introduction

Increase in global greenhouse gas emissions arwdicanabout global fossil fuels reserves
have promoted the research in renewable energmdis gasification is one type of efficient
renewable energy technology converting lignoceflidsolid feedstocks into combustible gas.
However, during gasification many contaminantsgaeerated, such as NOx, SOx and tar.
Particularly, the presence of considerable tayimgas leads to formation of aerosols and soots
due to repolymerization and plugs filters and fureds due to tar condensation [1]. Therefore, tar
removal is one of the major challenges in impleragon of biomass gasification technology at
commercial scales for fuels, chemicals and powedyoetion.

Biomass is mainly composed of cellulose, hemicedieland lignin. Many studies have
showen that cellulose, hemicellulose and lignirdpe different tar compounds [1, 2]. Primary
tars produced from cellulose are furans and smalikoule aldehydes [3]. Primary tars produced
from hemicellulose are acetic acid [2] and thosenflignin are furfurals and phenolics [4].

Table 6.1 shows the compositional analysis of $wjitass, wheat straw and eastern red
cedar used in our laboratory [5]. ApproximatelyZDwt.% of biomass is composed of lignin.
Lignin is a complex polymer of p-hydroxyphenyl, (aiyl and syringyl alcohols. Three species
of hydroxycinnamyl alcohols (p-coumaryl alcoholnderyl alcohol and sinapyl alcohol) are
considered as monoligol monomers incorporatedyimni polymer structure in the form of p-
hydroxyphenyl, guaiacyl, and syringyl phenylproparia, 6]. Since only the lignin fraction of
the biomass is aromatic in nature, lignin represarotential precursor for formation of
polyaromatic hydrocarbon (PAH) in tar. The studycafalytic lignin-derived tar reforming is

critical for understanding strategies to reducegagrtar.
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Table 6.1. Compositions of switchgrass, wheat straand eastern redcedar. Adapted from
reference [5]

Composition Switchgrass Wheat straw Eastern redcedar
Glucan (% dry) 38.46 £ 0.69 39.18 £2.01 40.30 £1.50
Xylan (% dry) 26.34 £ 0.54 24.62 +£1.36 8.50 £ 0.04

Galactan (% dry) 1.16 £0.18 0x0 2.00£0.60

Arabinan (% dry) 3.41+0.32 1.68 £ 0.25 1.40+£1.00
Mannan (% dry) 0.13+£0.22 0zx0 6.00 £1.20
Lignin (% dry) 21.40£0.24 17.17 £ 0.46 35.90 #O.

Tar formation is affected by reaction conditionslsas atmosphere and pressure.
Gopakuma et al. [7] studied the hydrogen effecioomation of oxygenated compounds during
pine wood pyrolysis. They found that the preserfdeydrogen significantly enhanced
hydrodeoxygenation, which rejected the bio-oil caydn the form of water [7]. As a result, yield
of higher molecular weight oxygenated compoundsitor-catalytic pyrolysis of pine wood
under Hatmosphere was much lower than that under heliomshere [7]. The pressure will
affect composition of syngas as well as tar. Knigghdl. [8] studied the effect of pressure on the
biomass gasification products and found that ireinggpressure (from 0.8 to 2.2 MPa) decreased
oxygenated species. Specifically, phenols were simompletely eliminated, but the PAH
fractions increased. Research was also conductpdessurized gasification of coal [9].
Pressurized operation not only reduced the volatit#dution during coal pyrolysis and increased
char gasification rate by influencing the physitalicture of pyrolysis char, but it also lowered
the energy cost for compressing syngas prior t@#seturbine combustion chamber [9].

The objective of this study was to evaluate theatf of reacting pressure, temperature
and atmosphere on non-catalytic and catalytic neifay of lignin tar. A char based catalyst was
used in catalytic reforming. Since hydrogen isghismary component of syngas, hydrogen was

used to investigate the effect of atmosphere oartaking.
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6.2. Material and Methods
6.2.1. Chemicals and Catalyst

The potassium hydroxide was purchased from Fistiengfic (Pittsburgh, PA, USA)
and nickel nitrate was purchased from Sigma Ald(&th Louis, MO, USA). The lignin, named
Indian AT, was provided by Mead Westvaco (Richmord, USA). Indian AT is a purified
form of kraft pine lignin. It is derived by hydrdig of kraft lignin, removing the sodium and
hemicellulose [10].

The char-based nickel catalyst was prepared byrigadckel on char-derived activated
carbon. The activated carbon was produced usitngiical activation method from char. The
char was produced from downdraft gasification of cedar. The char was mixed with KOH and
was then placed in a fixed-bed tubular reactorctivate. The reactor was heated to 3@Wand
held at this temperature for 2 h to prevent catbes from char. For carbonization, the
temperature was then raised to 800 °C and thevelsactivated at this temperature for 1.5 h
under nitrogen flow of 200 ml/min. Activated carbolotained was then wet impregnated with
nickel nitrate solution. The catalyst precursor wasd at 105 °C for 3 h and reduced in 100
ml/min hydrogen flow at 350 °C for 3 h. Reducedabat was then kept in vacuum desiccator.
The procedure of making this catalyst had beed &g a provisional patent with the US Patent
Office.

6.2.2. Pyrolysis of Kraft Lignin in Py—GC/MS

Catalytic reforming of lignin-derived tars was merhed using a commercial micro-
pyrolyzer (Pyroprobe model 5200/high pressure, @D&lytical Inc., Oxford, PA). The
pyrolyzer was connected with a gas chromatograpgsrapectrometer (GC/MS, Agilent 7893).
The pyrolyzer was composed of a probe and a tulsalatytic reactor. The probe was heated
with a platinum heating coil, which can be heatpdai1400 °C. The lignin powder and catalyst
were packed in a quartz tube (approximately 25 omg knd 1.9 mm inner diameter), which was

then held in the platinum heating coil. About 0.§ af lignin sample and 5 mg catalyst were
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loaded in the quartz tube. To make sure all taatiles passed through the catalyst layer, two
layers of catalysts were kept on both sides ofigmn powder. The catalyst layer and lignin
layer were separated by quartz wool. In ordernmutite steam gasification, 5 pl water was
injected into lignin powder during non-catalyticrplysis. The sample was pyrolyzed at a heating
rate of 1500 °C/s in presence of different gases (f80% and KHL00%). To make sure the
sample was completely pyrolyzed, the sample was dtgbyrolysis temperature for 20 s. When
helium was used as reactant gas, 40 ml/min heliaspurged for about 1 min in the system
before the experiment to remove air. After purgiith helium, the experiment started
immediately in the same helium flow. Whepwhsused as reactant gas, 40 ml/min helium was
also purged for about 2 min to remove air and tegitlydrogen before the gas was switched to
reactant gas (hl with flow rate of 40 ml/min. The actual tempenra&tinside the quartz tube
(biomass temperature) was, typically, about 50 ID0wer than the filament temperature [11,
12].
6.2.3. Tar Composition Analysis

The reactant gas carried the pyrolysis vapors)(teos the probe to a trap (adsorbent). The
trap adsorbed the condensed vapors. Non-condergadds escaped from the trap and were not
analyzed in this study. The adsorbed tar componestdesorbed by heating the trap to 300 °C
and purging with helium. The gaseous tar was tlaeriex] by helium gas and injected into the
GC through a transfer line for compositional aniglyShe transfer line was heated at 300 °C to
prevent tar condensation. A gas chromatograph cuedbivith mass spectrometer (GC/MS
7890A, 5975C, Agilent, Santa Clara, CA, USA) wasdi® analyze composition of tars. A
capillary column (HP-5, 0.03mm OD, 3m length) wastalled in GC for separating the tar
components. The injector of the GC was held at®®50he column temperature was maintained
at 40 °C for 2 min and then increased to 280 °@ wiheating rate of 5 °C /min. Helium of ultra-
high purity (99.999%) was used as a carrier gasflatvrate of 1.25 mL/min.

The mass spectrometer was configured for electnpract ionization at 70 eV, with an
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interface temperature of 250 °C. Electron impactsrapectra were obtained by an Agilent
5975C mass spectrometer at the mass range from5tz300. Tar compounds were identified
by comparing the mass spectra with the NIST (Nafiémstitute of Standards and Technology)
mass spectral library and the retention time ofstaedard compounds. The concentration of tar
components were analyzed using an external stamaetttbd. 26 pyrolysis products were
guantified using 24 external standards includingfdnatic hydrocarbons, 8 phenols, 6 phenol-
guaiacols, 1 furan and benzoic acid as listed leré.2. 2-methyl-phenol and 4-ethylcatechol
were guantified using corresponding standard frionilar structure compounds [13] (P-cresol
for 2-methyl-phenol and methylcatechol 4-ethylchtdr
6.2.4. Experimental Design and Data Analysis

For non-catalytic pyrolysis of lignin, a full factal design was performed at five
pressures of 0, 0.5, 0.8, 1.1 and 2.2 MPa (0, 80, 150 and 300 psig) and three temperatures of
700, 800 and 900 °C. For catalytic pyrolysis ofiig a full factorial design was performed at
three pressures of 0.1, 0.5 and 1.1 MPa (0, 5A&agsig) and three temperatures of 700, 800
and 900 °C. To study the effect of water loadingatalytic performance, the lignin was gasified
with 5 or 10 ul at the three temperatures (700,80D900 °C). The lignin was also gasified
under hydrogen atmosphere at 800 °C to study thebgn effect on catalyst performance.

The statistical analysis was performed using JMBvape (SAS Institute Inc. Cary, NC,
USA). Results were analyzedest0.05 significance level. Polynomial surfaces wangted
using MATLAB (Mathworks, Natick, MA, USA) for totatontent of monoaromatic and
polyaromatic hydrocarbons. The surfaces were gatbepproximating the tar contents to a
quadratic polynomial of temperature and pressune.doefficients for the respective surfaces are
given in Figure 6.3.
6.3. Results and Discussions

The composition of tar produced from pyrolysisighin is complex. Tar compounds

range from simple single-ring aromatics to polyayeromatics. This paper, however, only
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analyzed and discussed compounds with boiling gmtdw 250 °C which is detectable by
GC/MS. Based on the GC/MS data collected from figratalytic and non-catalytic pyrolysis at
700-900 °C, around 60 tar compounds were founduidal6 out of 60 were major compounds
with relative area larger than 0.5%. The remairliBgvere minor compounds with relative
percent area of less than 0.5%. The 46 major coergerare listed in Table 6.2 with name,
retention time and family group. Out of 46 list@8, compounds were quantified using external
standards and identified with quantification methiodthe discussion that follows, the tar content

for a compound was defined as

mass of compound in tar

— ng. ;
T= mass of lignin (mg) (Equation 5
The removal percentage was defined as
Removal percentage (%) = T?F_T %X 100 (Equation 6.2)
0

WhereT, represents content of tar produced from lignirojygis with no catalyst at a certain

reaction temperature; afidrepresents content of tar produced from lignirofygis with catalyst

at a specific reaction temperature.

Table 6.2.Major products from catalytic and non-catalytic pyrolysis of Kraft Lignin by

GC-MS
No. Name CAS Family Chem_u_:al gsed for
guantification
1 Benzene 071-43-2 Monoaromatic Benzene
2 Toluene 108-88-3 Monoaromatic Toluene
3 Ethylbenzene 100-41-4 Monoaromatic Ethylbenzene
4 p-Xylene 106-42-3 Monoaromatic p-Xylene
5 0-Xylene 95-47-6 Monoaromatic 0-Xylene
6 Styrene 100-42-5 Monoaromatic Styrene
7 Phenol 108-95-2 Phenol Phenol
8 Benzofuran 271-89-6 Furan Benzofuran
9 Benzaldehyde, 2-hydroxy- 090-02-8 Phenol N.A.
10  Phenol, 2-methyl- 095-48-7 Phenol P-cresol
11 P-cresol 106-44-5 Phenol P-cresol
12 Phenol, 2-methoxy- 090-05-1 Phenol-guaiacol Bh@methoxy-
13 Phenol, 2,6-dimethyl- 576-26-1 Phenol (I;’.henol, 2,6-
imethyl-
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14 Phenol, 2-ethyl- 090-00-6 Phenol N.A.

15  Phenol, 2,4-dimethyl- 105-67-9 Phenol (I;’.henol, 2.4-
imethyl-
2-Hydroxy-5-
16 met{]ylbeﬁzal dehyde 613-84-3  Phenol N.A.
17 Phenol, 4-ethyl- 123-07-9 Phenol N.A.
18  Phenol, 3,5-dimethyl- 108-68-9 Phenol N.A.
19 Phenol, 2-methoxy-3-methyl- 18102-31-3 Phenalaeol N.A.
20  Indene 095-13-6 Polyaromatic Indene
21 Naphthalene 091-20-3 Polyaromatic Naphthalene
22  Creosol 093-51-6 Phenol-guaiacol Creosol
23  Catechol 120-80-9 Phenol Catechol
24  Catechol, 4-methyl 452-86-8 Phenol Catechol gthwi
25 Benzofuran, 2,3-dihydro- 496-16-2 Phenol N.A.
26  Phenol, 3-ethyl-5-methyl- 698-71-5 Phenol N.A.
27 Benzene, 1-ethyl-4-methoxy- 1515-95-3  Phenol .N.A
28 zé?dydroxy‘4‘methy'benzo'c 050-85-1  Phenol-guaiacol N.A.
29  1,2-Benzenediol, 3-methyl- 488-17-5 Phenol N.A.
30  Phenol, 4-ethyl-2-methoxy- 2785-89-9  Phenolgoali N.A.
31  1,2-Benzenediol, 4-methyl- 452-86-8 Phenol N.A.
32  2-Methylnaphthalene 90-12-0 Polyaromatic 2-Niethphthalene
33  2-Methoxy-4-vinylphenol 7786-61-0 Phenol-gualacoz.' Methoxy-4-
vinylphenol
1,4-
34 Benzenedicarboxaldehyde, 227587-17-3 Phenol N.A.
methyl-
35 é;r?;ftﬁglz_e”ed'o" 4.5 527-55-9  Phenol N.A.
36  Eugenol 097-53-0 Phenol-guaiacol Eugenol
37  4-Ethylcatechol 1124-39-6  Phenol Catechol
38  Vanillin 121-33-5 Phenol-guaiacol Vanillin

39 Naphthalene, 1,5-dimethyl 571-61-9 Polyaromatic Naphthalene, 1,5-

dimethyl
40  Phenol, 4-ethyl-2-methoxy- 2785-89-9  Phenolgoali N.A.
41  Trans-Isoeugenol 5932-68-3  Phenol-guaiacol TFiswsugenol
42 Homovanillyl alcohol 2380-78-1  Phenol-guaiacol .AN
43  Benzoic acid, 3,5-dimethyl- 499-06-9 Carboxylic acid gienzmc acid, 3,5-
imethyl-
44  Homovanillic acid 306-08-1 Phenol-guaiacol N.A.
45  Phenanthrene 085-01-8 Polyaromatic N.A.
46  Fluoranthene 0206-44-0  Polyaromatic N.A.

N.A. represents tar component was not quantified.
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6.3.1. Non-catalytic Lignin Pyrolysis

Corresponding contents of aromatic and phenolicdarpounds obtained at 700-900 °C
pyroprobe temperature and 0.1 MPa (0 psig) areepted in Figure 6.1. The height of bars and
the error bar presented average value and staddaiation of two replications respectively. As
seen from Figure 6.1, the most abundant tar compsneere phenols, such as catechol, 4-
methylcatechol and phenol. The second most abutdacbmponents were guaiacols, including
creosol, 2-methoxyphenol and 2-methoxy-4-vinylpienBolyaromatic hydrocarbons were the
least abundant in tar. Syringol groups derived fedmapyl alcohol monomers were not detected
in kraft lignin tar. Large fractions of phenols aguhiacols in kraft lignin tar originated from
large quantities of phenolic monomers presenteditimin polymer. Temperature significantly
affected the tar composition. Most of the phenotimponents in tar decreased when temperature
increased from 700 to 900 °C, while the aromatidrbgarbons increased with increasing
temperature. The decrease of phenolic componettisngreasing temperature was consistent
with data from lignin pyrolysis obtained by Zhangdazhou [14, 15]. In their studies, the
contents of phenolics in tar reached to maximug0at°C followed by a decrease when

temperature was further increased to 700 °C.
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Figure 6.1. Composition of tar produced from kraftlignin pyrolysis with no catalyst at atmospheric pessure and pyrolysis temperature of

700, 800 and 900 °C.
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The composition of tar obtained from kraft lignigrolysis in this study was different
from that obtained from pyrolysis of lignin repattin literatures [16, 17]. In literatures [16, 17],
syringols and guaiacols were the most abundant coergs followed by phenols. Catechols, one
of the subspecies of phenols, were scarcely detelcte¢his study, tars were dominated by
phenols, especially catechols. This may be caugdilgher reaction temperature (700-900 °C in
this study compared to 400-600 °C in literatureddu this study and presence of water. Hu et
al. [6] and Jiang et al. [18] found that high temgtere (>600 °C) promoted the demethoxylation
and demethylation reactions on methoxyl groupsiltieg in aromatic @OCH; and aromatic C-
O-CHj; cracking and subsequent generation of phenolb, asiphenol, cresol and catechols (see
Figure 6.2). The temperature (700-900 °C) appleithis study may have favored the
demethoxylation of guaiacols into phenol. On otiend, H- donor provided by water could be
stabilized by aromatic O- radical generated fromdigtic cracking of aromatic €CHs resulting
in catechols formation (see Figure 6.2). The ldckyoingols in tar may be related to the source
of lignin. The syringols were not observed in theproduced from pyrolysis and hydrogenolysis
of pine lignin either [4, 19]. Thangalazhy [20]rditited the absence of syringols in tars to the

missing sinapyl alcohol structures in pine wood.
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Figure 6.2. Possible cleavage mechanisms of the tmetyl group during pyrolysis. Adapted
from Hu et al. [6].
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The variations in total contents of monoaromatidrogarbons, polyaromatic
hydrocarbons, phenols, and guaiacols with respe@etction temperature and pressure are
depicted in Figure 6.3 and Figure 6.4. Statisticwllysis showed that temperature (p < 0.05) and
pressure (p < 0.05) significantly affected prodoretdf monoaromatic hydrocarbons,
polyaromatic hydrocarbons and phenols. Howevernagots was statistically significantly
affected only by pressure (p < 0.05) but not bygerature (p>0.05). The interaction of
temperature and pressure was significant on phépat9.05) but not statistically significant on
monoaromatic hydrocarbons, polyaromatic hydrocaslard guaiacols (p >0.05).

Second order polynomial regression was appliee@t@gte response surfaces of
monocyclic aromatic hydrocarbons and polycyclioaatc hydrocarbons as functions of
temperature and pressure (Figure 6.3). Similareshapsurface plots of monoaromatic
hydrocarbons and polyaromatic hydrocarbons shohaikthese products have similar trends
with respect to pressure and temperature. At angismperature both the contents of
monoaromatic and polyaromatic hydrocarbons reaahmebk at 1.1 MPa (150 psig) and with
increasing temperature the total contents furtheneiased. The highest contents of monoaromatic

hydrocarbons (7.2g/mg lignin) and polyaromatic hydrocarbong«f#mg lignin) were observed

at 900 °C and 1.1 MPa (150 psig).
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Figure 6.3. Aromatic hydrocarbon content of tar praduced from kraft lignin pyrolysis at
different temperatures and pressures (a) total comint of monocyclic aromatic hydrocarbon
(benzene, toluene, ethylbenzene, xylene and styrgifie) total content of polyaromatic
hydrocarbon (naphthalene, 1,5-dimethynaphthalene,-thethylnaphthalene and indene)
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The optimum pressure for maximum polyaromatic hgdrbon yield at each temperature
was 1.1 MPa (150 psig). The effects of pressurthemolyaromatic hydrocarbon was explained
by Mayerhofer et al. [20]. On one hand, increasgystem pressure caused the reaction
equilibrium to shift to fewer molecules based onilgrium law. In order to have fewer
molecules in the whole system, polyaromatics wavered at high pressure as they have the
higher aromaticity. On the other hand, high pressuppressed the evaporation of tar and
extended tar residence time, which promoted thgnpatlization reactions forming polyaromatic
hydrocarbons. However, after the pressure reacloedan value (1.1 MPa in our study) leading
to the maximum residence time needed for polymeozaeactions, further pressure increase
may have enhanced steam reforming of polyaromaticdtarbons with the catalytic effect of
pyrolysis-derived lignin char. In summary, modernatessure increase (0.1-1.1 MPa) promoted
the formation of polyaromatic hydrocarbons; howetather increase in pressure (up to 2.2
MPa) led to a decrease in polyaromatic hydrocarldomesto consumption in the steam reforming
reaction.

Second order polynomial regression failed to geraesponse surfaces of phenols and
guaiacols (Robtained were low). Data was plotted without qa#drfitting. The trends of
phenols and guaiacols with respect to reactiorspresand temperature (Figure 6.4) differed
from the trends of aromatic hydrocarbons (Figu8y.6At 0.1-1.1 MPa (0-150 psig), phenols
(Figure 6.4 (a)) decreased with increase in presasiwell as temperature. Up to 2.2 MPa (300
psig), the content of phenols further decreasedhardly changed with temperature. The highest
phenol content (Rg/mg lignin) was observed at 700 °C and 0 psig,taedowest content (2.4
ug /mg lignin) was observed at 700 °C and 2.2 MP& (3sig). Similar to aromatic hydrocarbons
and phenols, pressure significantly affected cdatehguaiacols. The plot of guaiacols (Figure
6.3 (a)) showed that content of guaiacols reached>amum at 1.1 MPa (50 psig) and decreased

with further increase in pressure from 0.5 to 2Ray50 to 300 psig). No clear trend was found
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for the effect of temperature on total guaiacolstent. The highest guaiacol content ({g8/mg

lignin) was observed at 900 °C and 0.5 MPa (50)psig
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Figure 6.4. Phenolic contents of tar produced fronkraft lignin pyrolysis at different
temperature and pressure. (a) total content of phesis (2,6-dimethylphenol, 2,4-
dimethylphenol, 4-methylcatechol, phenol, 2-methyphenol, 4-ethylcatechol, catechol and p-
cresol), (b) total content of guaiacols (Creosol-@ethoxyphenol, 2-methoxy-4-vinylphenol,
eugenol, trans-isoeugenol and Vanilin)
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In literature, most of pressurized pyrolysis andifjzation were conducted below 150
psig and limited data are available at higher presE3, 20, 21]. At reaction pressure below 150
psig, our observations on the effect of temperataréar contents were consistent with literature.
Mayerhofer et al. [20] reported that tar compositiaried with temperature . Phenolic species
(phenol and cresols) greatly decreased with inargaemperature whereas naphthalene
increased with increasing temperature. Mastral. 28] reported an increase in polyaromatic
compounds with increasing temperature during pwislgf polyethylene in a free-fall reactor at
800 to 1000 °C. However, effect of pressure orctanposition was inconclusive. Mayerhofer
[20] found phenols and cresols were not affectethbseasing pressure (from 0.1 to 0.3 MPa) but
polyaromatics substantially increased by almos@20Rnight et al.[8] found that increasing
pressure (from 0.8 to 2.1 MPa) resulted in decrefisgygenated species. Phenols were almost
completely eliminated, while polyaromatic fractimereased. Berrueco et al. [22] performed
pressurized gasification of torrefied woody biomiasa lab-scale fluidized bed at 0.1, 0.5 and 1
MPa. Their data showed an increase in tar congeptessure increased.
6.3.2. Catalytic Conditioning of Tar Produced fromLignin Pyrolysis
6.3.2.1. Effects of Temperature and Water Loading

Effects of temperature and the water loading orc#talyst performance were studied.
Aromatic hydrocarbons, phenolics and total contehtignin tar with and without char based
catalyst are illustrated in Figure 6.5, Figure & Figure 6.7, respectively. The temperatures
were set at 700, 800 or 900 °C and volume of wajected on lignin was 5ul (same as non-

catalytic lignin pyrolysis) or 10ul.
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Figure 6.5. Effects of temperature and water loadig on aromatic hyrocarbons in kraft lignin tar. Readion temperature: 700, 800 and 900
°C, pressure: 0 psig, water amount: 5 or 1@QL.
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Figure 6.6. Effects of temperature and water loadig on phenolics in kraft lignin tar. Reaction tempeature: 700, 800 and 900 °C,
pressure: 0 psig, water amount: 5 or 1@QiL.
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Figure 6.7. Effects of temperature and water loadig on total tar contents produced from
kraft lignin. Reaction temperature: 700, 800 and 90 °C, pressure: 0 psig, water amount: 5
or 10 uL.

As observed from Figure 6.5 and Figure 6.6 andriu7, the amount of water loading
significantly affected catalyst performance. With|dl water, the total phenolics contents were
only reduced by 50% at 700 °C and by 30% at 800°@)@vhile with 5ul water, total phenolics’
contents were reduced by more than 90% at all teatyoe (see Figure 6.7). The total aromatic
hydrocarbons were hardly reduced in catalytic domiing of lignin tar with 10 pl water, while
these were greatly reduced (50% on average) irepcesof 5 ul water. As shown in Figure 6.5
and Figure 6.6, the contents of most phenolics wetaced by less than 30% with 10ul water;
only 4-ethylcatechols, 2-methoxyphenol and 2-meghdwinylphenol were reduced by more
than 50%. Decrease in tar content was not obsdovadost of the aromatic hydrocarbons with
10ul water. For individual tar components with Sater, most of the phenols had been
significantly removed and the maximum removal rates found for catechol and 4-ethyl catechol
with average of 96 % and 94%, respectively. An ageremoval of 70-80% for guaiacols was
observed at 700-900 °C and the maximum removalwatefound for 2-methoxy-4-vinylphenol
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with an average of 80-90%. For aromatic hydrocashiorithe presence of 5ul water, the highest
removal rate (100%) was found for xylenes, styrameindene, as their contents were below the
GC/MS detection limit and thus considered as Zehe.lowest removal rate was found for
naphthalene, for which no decrease was observestaD\vthe catalyst performed better with 5 pl
water than with 10 pl water. This can be attributethe excess water (10 pl) that may have
clogged the char pore and prevented tar vapor &orassing active sites on the catalyst. The
effect of temperature on lignin tar removal was erate. Increase in temperature only increased
removal of benzene, toluene, catechols and beraofor catalytic conditioning with 5ul water.
Overall, char-derived catalysts were the most &ffeen removing phenolics, lesser
effective in removing monoaromatic hydrocarbons tedeast effective in removing
polyaromatics. At the lowest pyroprobe temperafd@® °C), the average removal of phenolics
was about 50%. Catechols were removed more than &h%h was the highest among all
individual phenolics. However, almost no aromatidiocarbons were removed at 700 °C. When
the pyroprobe temperature was raised to 900 °Ce it@n 90% of phenolics and 60% of
monoaromatic hydrocarbons were removed while reimmem@entages of naphthalene. 1,5-
dimethylnaphthalene and 2-methylnaphthalene wdtéess than 30%. The removal efficiencies
of the char-derived catalysts on individual tar ponnds can be attributed to reactivity and
stability of each compound. According to literatutee reactivity of tar compounds in catalytic
conditioning from the highest to lowest are pherglmonoaromatic hydrocarbons and
polyaromatic hydrocarbons [23-25]. Coll et al. [3&]died steam reforming on five model tar
compounds, including benzene, toluene, pyrenerathine and naphthalene, and found that
naphthalene was the toughest and benzene wasdikstda reform. By reviewing steam
reforming of phenol and benzene at similar reaatimmditions (similar nickel/aluminum catalyst
and similar reactor) [24, 26, 27], it can be obsdrthat that phenol was easier to reform than
benzene or toluene. High phenols conversion (nwe 90%) can be achieved even at low

temperature (450 °C) by steam reforming over Nifdahum catalyst [24]. However, catalytic
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conditioning of benzene or toluene require at |6@sk°C over Ni/aluminum in order to achieve
conversion/removal above 60% [26, 27].

As shown in Figure 6.5, benzene content in thdytataeforming was higher than that
in non-catalytic pyrolysis. The increased benzemdgent was probably because of conversion of
phenols into benzene with catalyst or oligomer@atf hydrocarbon monomer. However,
benzene was more likely converted from oligomeidrabf hydrocarbon monomer than phenols
based on the study of Ben et al. [28] and Garbaeirad. [24]. Ben et al.[28] found that N¥&Znd
ZSM-5 zeolite catalysts hardly improved decompoagitf phenolic hydroxyl groups of lignin
but significantly improved the decomposition opélatic hydroxyl groups, carboxyl and
aromatic-methoxyl groups. However, by studying steaforming of phenol using in-situ FT-IR,
Garbarino et al. [24] found that phenol steam mefag reaction occurred at the expense of
surface phenate species adsorbed on Ni centerse Baeface phenate species were active above
400 °C and directly reformed with steam into CO hgdrogen with no intermediates or by-
products.
6.3.2.2. Effect of Pressure

The effect of pressure on catalysts performancestaied with 10 pl water loading.
Contents of aromatic hydrocarbons and phenolidsrae pressure of 0.1, 0.5 and 1.1 MPa (0, 50
and 150 psig) and a pyroprobe temperature of 90&réQdllustrated in Figure 6.8 and Figure 6.9.
The pressure significantly affected the cataly¢iiorming of lignin tar over char-based catalyst.
When pressure increased from 0.1 to 0.5 MPa (@ testy), the removal of most aromatic
hydrocarbons increased from nearly 0 to 30% exoceqfene and the removal of most phenolics
increased from 30% to 50 % except p-creosol. Whermptessure further increased to 1.1 MPa
(150 psig), the removal of most aromatic hydrocagband phenolics increased to more than
70%. The absence of catechol, 2-methoxyvinylphehatethylcatechol and o-xylene at 1.1 MPa

(150 psig) indicated their nearly 100% removal.
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Figure 6.8. Effect of pressure on tars produced fnm kraft lignin. Reaction temperature: 900 °C, pressare: 0, 5 and 150 psig, water
amount: 10pL.
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Figure 6.9. Effect of pressure on total tar conterst produced from kraft lignin. Reaction
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The total contents of aromatic hydrocarbons anadhles from kraft lignin pyrolysis
with and without catalyst are illustrated in Fig@r8. Increase in pressure improved removal of
total aromatic hydrocarbons and phenolics contditts.removal efficiency of aromatic
hydrocarbons and phenolics increased from 0% to &&8drom 20% to 75%, respectively, when
pressure increased from 0.1 MPa (0 psig) to 1.1 [Ba psig). The effects of pressure on
removal efficiency could be related to prolongesidence (reaction) time. As discussed in 6.3.1,
rising pressure suppresses the release of targhbie catalytic layer and thus increases the
reaction time of tar with the catalyst, which supsently improves the tar reforming.
6.3.2.3.Effect of Atmosphere

Contents of aromatics hydrocarbons and phenolistdutes obtained from lignin
pyrolysis in the presence ot Hdre illustrated in Figure 6.10. It was obvioud ti@ contents of
most tar components in hydrogen atmosphere wererltvan that in helium atmosphere. The
major decreases (>50%) were observed in catechotgthoxyphenol, 2-methoxy-4-vinylphenol
and trans-isoeugenol and minor decreases (<20%) eeerved in phenol, dimethylphenols and
polyaromatic hydrocarbons. Monocyclic aromatic logdirbons such as benzene and toluene

showed slight increase. Decrease in tar contertteipresence of hydrogen was possibly
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because hydrogen acted as a gasification agerthasghromoted the conversion of lignin into
non-condensable gas rather than tar.

When the char-based catalyst was used, tar comemnésfurther reduced. The contents
of dimethylphenols, 2-methoxyphenol, vanillin, diignzene, methylnaphthalene, 1, 5-
dimethylnaphthalene, trans-isoeugenol and xylerexe wot been detected. Most of the
remaining tar compounds was reduced by more thésm 5bwever, the removal of naphthalene

was still only about 20%.
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6.4. Conclusions

Pyrolysis of kraft lignin was performed in a pyrope reactor in presence of water with a
novel char-based catalyst. The effects of reactemperature, water loading, pressure and
atmosphere on tar were investigated by conductirgptitative analysis of tar. Catechols were
found to be the most abundant tar components fellowith phenol and guaiacols produced from
lignin in absence of the catalyst. Increase inquesfrom 0.1 to 1.1 MPa (0 to 150 psig) led to
increase in aromatic hydrocarbons. High pressusehmge caused increase in tar residence time
in lignin and resulted in polymerization reactidosning polyaromatic hydrocarbons. Further
increase in pressure to 2.2 MPa (300 psig) ledremlaction of polyaromatic hydrocarbons due to
prolonged residence time during steam reformingtiea.

During catalytic reforming of lignin tar, the efteaf temperature on lignin tar removal
was moderate. Increase in temperature only incde@seoval of benzene, toluene, catechols and
benzofuran for catalytic conditioning with 5ul watkligh water loading (10ul) decreased the
removal efficiency of char-based catalyst probddgigause the excess water clogged the char
pore and prevented tar vapor from accessing astigse on the catalyst. Higher pressure
promoted the catalytic decomposition of lignin tthen pressure increased from 0.1 to 1.1 MPa
(0 to 150 psig), the removal percentage of mosnatic hydrocarbons increased from nearly 0%
to 70% and the removal percentage of phenols isetkiom 30% to 70%. Catechol, 2-
methoxyvinylphenol, 4-methylcatechol and o-xyleh&.4 MPa (150 psig) reached nearly 100%
removal.

When pyrolysis was performed in hydrogen atmosphareontents significantly
decreased, as hydrogen acted as a gasification, gemoting the conversion of lignin into non-
condensable gas. In all cases, removal of phenalisshigher than that of aromatic
hydrocarbons. Naphthalene, 1, 5-dimethylnaphtha@meethylnaphthalene were the toughest tar

component to be decomposed with the lowest reneffialency.
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