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ARTICLE INFO ABSTRACT

Keywords: Torrefaction can be used to reduce the oxygen content of biomass and improve the feedstock properties for
Pongamia pod thermochemical conversion. Pongamia (Millettia pinnata), a leguminous, oil-seed bearing tree, is a potential
Torrefaction

resource for sustainable aviation fuel production due to the high oil content of its seeds. The present work in-
vestigates thermochemical pretreatment of pongamia processing residues, i.e. pods. Torrefaction tests were
performed with both a fixed bed reactor and a macro thermogravimetric analyzer (TGA) under nitrogen at-
mospheres. The effects of process conditions on feedstock properties relevant to thermochemical conversion
technologies, proximate and ultimate composition, heating value, and Hardgrove grindability index (HGI), were
measured. The chemical structure, reactivity, and changes in elemental composition of the torrefied materials
were also investigated. The mass and energy yields decreased 43% and 25%, respectively, from the mildest
(165 °C) to the most severe (281 °C) torrefaction conditions, while the energy densification index increased from
1.15 to 1.68. The HGIs of pods torrefied at temperatures >215 °C were found to equal or exceed the HGI of a
reference bituminous coal sample. A LECO model TGA801 macro-TGA with a sample loading capacity of ~95 g
was also used to torrefy pongamia pods. Products from the LECO and the fixed bed reactor were comparable, and
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the macro-TGA was demonstrated to be a useful fast screening tool to study effects of process parameters.

1. Introduction

With the cost reduction in renewable energy technologies and ad-
vances in digital technologies, the contributions of renewables to meet
global final energy consumption are projected to increase from ~42 TJ
in 2019 to ~95 TJ in 2040 [1]. The renewables share of global heat
demand is expected to reach 39 TJ in 2040 and biofuels are projected to
account for ~9.4 TJ to the transportation sector [1]. Sustainable carbon
from biomass is an important source for energy and chemical production
and is recognized as a future solution for reducing anthropogenic
greenhouse gas (GHG) emissions. The use of agricultural residues for
energy purposes, in particular, has become a new research focus in the
past few decades [2,3]. The use of biomass as an energy feedstock has
several recognized disadvantages, e.g. heterogeneity, high moisture and
oxygen content, low energy density, poor biological stability, presence
of contaminants etc. [2-4]. Thus, pre-treatment offers possible solutions
to overcome these technical issues.

Torrefaction is a thermochemical treatment method conducted at
200-300 °C, at atmospheric pressure, and in the absence of oxygen [5].
The main objective is to reduce the oxygen content of the torrefied
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product compared to the parent biomass [4-7]. In general, torrefaction
of woody biomass materials results in mass and energy yields of 70% and
90%, respectively. Consequently, energy densification (mass basis)
improvement by a factor of 1.3 are typical [5]. The mass fraction of the
parent biomass volatilized during torrefaction (~30%) has a low energy
content, i.e. ~10% of the total energy [4]. Torrefied materials generally
possess higher energy density, better grindability, better hydrophobicity
and biological stability, which can reduce transportation costs, feed-
stock preparation and storage costs and thus the overall cost of the final
product [4-6]. In addition, the torrefied biomass should have lower
hydrogen/carbon (H/C) and oxygen/carbon (O/C) ratio compared to
the raw biomass.

Improvement is needed to achieve commercialization of biomass
torrefaction technologies. Lab-scale investigations performed in the past
few decades focused on the impacts of operating conditions on the
feedstock properties of the torrefied products [4,6,8]. Lab-scale torre-
faction is usually conducted utilizing micro-thermogravimetric ana-
lyzers (TGA) [8-11] or small bench scale reactors [12-17]. The
advantages of the micro-TGA method include: (1) easy to conduct; (2)
capable of monitoring the mass change during the entire torrefaction
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process; and (3) possible identification of volatile organic compounds
when combined with a mass spectrometer (MS). The limitation of a TGA
in comparison with a bench-scale reactor, however, is that insufficient
torrefied material is produced for subsequent characterization, e.g.
grindability, heating value, element content, etc. Thus, future studies are
needed to develop systems capable of generating sufficient materials for
characterization as well as monitoring mass change.

Millettia pinnata, also known as pongamia or karanja, bears seed pods
that partition in a ratio of 40:60, seed:pod by mass (dry). Pongamia has
applications for biomedicine and energy production [18]. The pongamia
tree has been traditionally used to treat diseases and wounds [19-21], its
leaf extract has antipyretic and muscle relaxant effects [22], and its
leaves also exhibit corrosion inhibition properties [23]. The pongamia
seed oil has been used for biofuel production and as biopesticide for crop
protection [24-26]. Although the pongamia seed cake remaining after
oil extraction has a nitrogen content of 0.9-7.2 %wt [27], its application
for animal feed is limited due to the presence of anti-nutritional species,
e.g. karanjin (CAS# 521-88-0), pongamol (CAS# 484-33-3), and glabrin
(CAS# 35024-30-7) [28,29]. Thus, pongamia seed cake has been mainly
used as solid fuel [30,31] and fertilizer [32]. Torrefaction pretreatment
of the cake has also been investigated [31,33,34]. Studies on pongamia
pod, which is typically disposed after seed separation, however, are
limited. Ujjinappa and Sreepathi employed the pongamia pod for pro-
duction of blended fuel briquettes and found them to have higher fixed
carbon content and calorific value in comparison with agricultural res-
idue briquettes [35]. The pongamia pods were also utilized to produce
activated carbon, which was demonstrated to have high surface area,
156.83 m%/g [36]. Torrefaction studies on pongamia pod as a coproduct,
however, have not been reported in the literature.

The present work investigates the impact of torrefaction pre-
treatment on the fuel characteristics of pods collected from pongamia
trees grown on the island of Oahu, Hawaii, USA. Torrefaction tests were
initially performed with a conventional fixed bed reactor shown in Fig. 1
under nitrogen atmospheres. The essential properties of fuel used in
thermochemical conversion, including proximate and ultimate

Fuel 291 (2021) 120260

composition, heating value, and Hardgrove grindability index (HGI)
[37], were measured to evaluate the influences of torrefaction condi-
tions. The chemical structure, thermal decomposition process, and
elemental composition of the torrefied materials were also investigated
using Fourier-transform infrared spectroscopy (FTIR), micro-TGA, and
X-ray fluorescence (XRF), respectively. Moreover, a state-of the art
macro-TGA method, which can monitor the mass loss process as well as
produce sufficient materials for characterization afterwards, was also
developed as a rapid screening tool to study effects of torrefaction
process parameters. The performance of a macro-TGA was also
compared with that of the conventional fixed bed reactor.

2. Materials and methods
2.1. Materials

Pongamia seed pods were provided by TerViva Inc. and collected in
May 2016 from Hawaii Agriculture Research Center, Kunia, HI
(21°22'58.9"N, 158°02'21.8"W) (TerViva Planting). The seed pods were
hand harvested from trees and then 1) soaked in a chlorine/water so-
lution (bleach water) for 1 min, 2) placed on a mesh screen and dried in
full sun for 2-3 h, and 3) stored in an air conditioned room at ~21 °C in
loosely woven mesh bags. The bleach water treatment is used by TerViva
to preserve seed quality and prevent mold formation during storage, but
is unlikely to be used in commercial practice. The pods (Fig. 1) were
hand separated from the seeds and milled to <2 mm particle size using a
FRITSCH Universal Cutting Mill “Pulverisette 19” (Idar-Oberstein,
Germany). A bituminous coal was obtained from a Hawaii power plant
on the island of Oahu, Hawaii, USA.

2.2. Torrefaction methods

Torrefaction tests were performed using a fixed bed reactor and a
macro-TGA.

Fixed Bed Reactor System
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Fig. 1. Pongamia seed, pod, and torrefied pod, and schematic of the fixed bed reactor: the unit of the scale is mm.
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2.2.1. Fixed bed reactor method

A schematic of the square fixed bed reactor test bed [38] is shown in
Fig. 1. The reactor had dimensions of 25x25x7 ¢cm and was constructed
from mild steel. Approximately 100 g of pongamia pods (<2 mm) were
evenly distributed over a 140-mesh stainless steel screen supported 25
mm above the reactor floor. The reactor was sealed and placed in a
Fisher Scientific Isotemp 650-58 muffle furnace (New Hampshire, USA).
To maintain an inert atmosphere within the reactor, nitrogen gas (N3) at
a rate of 1.2 L/min was supplied to the bottom of the reactor and
released through a perforated coil (~1.1 m long, 6 mm (OD) copper
tube). The Ny was preheated by passing through a ~1 m long, 6 mm
(OD) copper tube placed inside of the muffle furnace. The muffle furnace
was programmed for a heating rate of 20 °C/min to the target torre-
faction temperature. The outlet of the reactor was connected to a
stainless steel impinger containing 500 mL of 2-propanol placed in a
container of ice water to remove condensable species from the exiting
gas stream. The reactor was maintained at the target torrefaction con-
ditions for 60 min and then cooled in the open furnace for ~1 h while
maintaining the N flow.

2.2.2. Macro-TGA method

A macro TGA (TGA801, LECO Corporation, St. Joseph, MI) was also
used to perform torrefaction tests. This system is designed to conduct
proximate analysis of 19, ~1 g biomass samples in ceramic crucibles. An
empty crucible (number 20) serves as a reference. The crucibles are held
in a circular carousel and the mass change of each sample is monitored
throughout the analysis by automatically rotating its crucible to a po-
sition above a balance pedestal. Each measurement takes 12-15 s. The
recording frequency of each sample mass, therefore, depends on the
number of crucibles loaded, e.g. approximately 4 min are needed when
the sample carousel is fully loaded with 20 crucibles, i.e. 19 with sam-
ples and one reference. The ~19 g of parent biomass across all of the
crucibles does not yield sufficient torrefied material for complete
property analysis. Ideally, the sample loading capacity of the macro-
TGA would equal that of the fixed bed reactor, i.e. ~100 g. To explore
this, sample mass was increased from 1 g to 5 g to evaluate the macro-
TGA system as a rapid screening tool for torrefaction process condi-
tions. Note that 5 g per crucible approaches the maximum loading ca-
pacity of pongamia pods owing to the size limitation of the crucibles.
Preliminary tests were conducted with 1, 2, 3, 4, and 5 g sample loading
to ensure that process results were independent of initial sample mass.

For the pongamia pod torrefaction tests, approximately 95 g of
pongamia pods (<2 mm) were loaded into 19 ceramic crucible (~5 g
each) and covered with the matching lid (Part #621-331 and 529-048,
respectively, LECO Corporation). Macro TGA tests were performed with
the same heating program as the fixed bed reactor, i.e. (1) heating rate of
20 °C/min, (2) 60 min residence time, and (3) 60 min cooling period.
The Ny flow rate was set at 10 L/min during heating, holding, and
cooling process. Note that the Ny sweeps volatile products from the
common head space above the crucibles. As the impact of N flow rate
on the torrefaction solid products is negligible [39,40], given the larger
sample mass and larger volatile matter release, the maximum allowed
flow rate, i.e. 10 L/min, was selected for performing the macro-TGA
torrefaction tests in order to protect the electronics inside the reaction
furnace and ensure accuracy of the weighing process.

2.3. Property determination

2.3.1. Hardgrove grindability index (HGI)

The grindability of the raw and torrefied pongamia pods was
determined using a modified volumetric HGI method [16] based on
ASTM D409/D409M-16 [37]. A 50 cm® sample was placed into a 500 mL
stainless steel milling cup with 25, 20 mm stainless steel balls and milled
for 2 min at 165 rpm (Retsch PM100, Diisseldorf, Germany). The HGI is
based on the fraction of sample that passes a 75 um sieve after 5 min of
shaking (W.S. Tyler Ro-Tap RX-29, Ohio, USA).
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HGI = a+bx (€D)]

where x is the mass percentage of sample passing the 75 um sieve, and a
and b are constants determined from standard reference coal samples
with known HGI value [16]. Four reference coal samples with HGI of 27,
47, 64 and 89, were purchased from the Australian Coal Preparation
Society’s (ACPS) CHOICE Analytical Pty Ltd, and the constant a and b
determined is 16.6 and 1.43, respectively, with an r? value of 0.996.
After the nondestructive grindability tests, samples were milled to < 0.2
mm using an ultra-centrifugal mill (Retsch ZM200, Diisseldorf, Ger-
many) for the tests listed below.

2.3.2. Proximate analysis

The proximate analysis was performed using a macro thermogravi-
metric analyzer (TGA801, LECO Corporation, St. Joseph, MI) based on
ASTM E1756, E872 and E1755 for moisture, volatile matter, and ash
content determination, respectively [41-43].

2.3.3. Ultimate analysis

A LECO CHN628 (LECO Corp., St. Joseph, MI) was employed to
determine the carbon, hydrogen, and nitrogen content of the torrefied
materials. Approximately 90 mg samples were analyzed using furnace
and afterburner temperatures of 950 and 850 °C, respectively.

2.3.4. XRF analysis

Quantitative elemental analysis of the parent pods and the torrefied
materials was performed using a Bruker S8 TIGER XRF spectrometer
(Bruker Corp., Billerica, MA) to determine the ash-forming elements.
The details on pellets preparation and XRF system parameters were
described in a previous publication [18]. Spectrum recording and
evaluation were performed with the Quant-Express software using the
best detection mode (Bruker AXS).

2.3.5. Micro-TGA analysis

Reactive characteristics of the raw and torrefied pods were investi-
gated with a micro-thermogravimetric analyzer (micro-TGA) (TA In-
struments SDT Q600, Delaware, USA). The micro-TGA experiments
were performed under atmospheric pressure with the flow of 100 mL/
min argon. A 6-10 mg sample was evenly loaded into an alumina sample
cup (TA Instruments, 960070.901). The micro-TGA system was pro-
gramed with (1) start temperature of 50 °C and heating rate of 10 °C/
min; (2) a 30 min isothermal hold at 110 °C to remove moisture from the
sample; and (3) a heating rate of 10 °C/min to a final temperature of
800 °C.

2.3.6. Fourier transform infrared spectroscopy (FTIR)

Infrared spectra were generated and recorded using a FTIR equipped
with attenuated total reflectance (ATR) sampling accessory (Thermo
Scientific Nicolet iS 10, Massachusetts, USA). Approximately 1-2 mg of
milled sample (<0.2 mm particle size) was pressed against a diamond
crystal using a spring-loaded press and all the spectra were obtained
over the wavenumber range from 4000 to 650 cm ™! with 64 scans at 2
cm ™! resolution.

2.3.7. Higher heating value

A Parr 6200 Isoperibol Calorimeter (Parr Instrument Company,
Moline, IL) was used to measure the heat of combustion based on ASTM
D4809-18 [44] and reported as the high heating value (HHV).

2.3.8. Composition analysis

The chemical composition of pongamia pod, i.e. cellulose, hemicel-
lulose, and lignin content, was determined according to the National
Renewable Energy Laboratory (NREL) procedure [45].
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2.4. Data processing

Performance indicators for the torrefaction process were calculated
according to the following equations,

My(%) = % 100 @
: Myaw
HHV ,,
“ " HHV,, ®
E,(%) = M, % Ly @

where My and Ey are mass and energy yields, respectively; I.q is the
energy densification index; m is the mass of the material, and HHV is the
higher heating value. Subscripts raw and tor are raw and torrefied
biomass, respectively.

The release ratio of elements via torrefaction was calculated based on
XRF analysis results according to equation (5),

My
Craw - C!or X T;O

Release Ratio(%) = C

x 100 )

where C is the concentration of element determined by XRF analysis.
3. Results and discussion
3.1. Fixed bed reactor

The pongamia pods are light brown, 3-6 cm long and 1-2 cm wide
(Fig. 1). Their (cellulose + hemicellulose) and lignin contents are 51.73
and 21.71 %wt, respectively. Torrefaction tests of pongamia pod were
performed in a fixed bed reactor at 165, 184, 210, 215, 230, 254, and
281 °C with the corresponding furnace temperatures of 180, 200, 225,
235, 250, 275, and 300 °C, respectively. The color of the torrefied pod
gradually turns from light brown to black with the increase of torre-
faction temperature (shown in Fig. 2, particle size = 0.2 mm). Fig. 3
illustrates the impacts of torrefaction temperature on the process yields
and the energy densification index (Ioq). The mass and energy yields
decrease linearly as torrefaction temperature increases from 184 to
281 °C. The Iq, reflecting the energy content change, increases linearly
over the same temperature range. The torrefaction results at 165 °C were
not included in the linear regression calculation (Fig. 3), as the

230°C
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Fig. 3. Torrefaction performance of the fixed bed reactor in a temperature
range of 184-281 °C.

temperature was too low to significantly impact the material properties.
Using the regression equation, the mass yield reached a 70% target value
[5] when the torrefaction temperature is approximately 225 °C. Corre-
sponding energy yield (90.75%) and I.q (1.32) values are also close to
targeted values, 90% and 1.30, respectively [5]. Based on the process
yield and energy content change, the preferred torrefaction temperature
for 2 mm pongamia pod material is 220-230 °C at a residence time of 60
min.

Torrefaction performed on whole pods at 208 °C (furnace tempera-
ture 225 °C) produced similar mass and energy yields and Iq, (76.02%,
95.86%, and 1.26, respectively) were obtained as the tests conducted at
210 °C (furnace temperature 225 °C) with < 2 mm size pod, 76.86%,
96.06%, and 1.25, respectively. Torrefaction of whole pods would be
comparable to wood chip particle sizes cited in the literature for

254 °C

Fig. 2. Torrefied pod obtained from the fixed bed reactor tests.
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industrial applications.

The influences of torrefaction temperature on physicochemical
properties and structure of the pongamia pods were also investigated.
Fig. 4 compares the proximate analysis results of the pods, torrefied pods
and a bituminous coal sample from a power plant in Hawaii; data and
error estimates are presented in Table S1 of the supplementary mate-
rials. As expected, the fixed carbon (FC) and ash contents of the torrefied
materials increases linearly over the torrefaction temperature range (FC
%wt = -26.2 + 0.249 x T/°C, R? = 0.969 and Ash %wt = -5.54 + 0.0642
x T/°C, R® = 0.948), whereas the volatile matter (VM) content exhibited
an opposite trend, VM %wt = 132-0.313 x T/°C, R% = 0.970. As with
Fig. 3, these regression equations omit the data for the 165 °C torre-
faction temperature. The increase of fixed carbon and ash fraction is
attributed to the loss of volatile matter during the torrefaction process.
The mass yield and proximate analysis data at any of the torrefaction
temperatures verify that volatile matter loss, not secondary fixed carbon
formation, accounts for the increased fixed carbon concentration. The
fixed carbon content of the torrefied pods increased to 44.75 %wt at a
process temperature of 281 °C, close to the fixed carbon content of the
bituminous coal sample, 45.75 %wt. The volatile matter content of the
torrefied pod, 42.88 %wt, is ~3.5% (absolute) lower than that of the
bituminous coal.

Ultimate analysis results of torrefied pods are shown in Fig. 5 (A) and
(B); complete data and error estimates are presented in Table S1. The
oxygen content was calculated by subtracting the carbon, hydrogen,
nitrogen, sulfur, and ash content from 100. In comparison to the parent
material, the torrefied biomass possesses increased carbon and
decreased oxygen and hydrogen content due to the release of volatile
matter rich in hydrogen and oxygen. When the torrefaction temperature
is 281 °C, the carbon content of the torrefied pod, 63.42%, is ~8%
(absolute) lower than that of the bituminous coal, 72.20 %wt, and the
oxygen content, 17.68 %wt, is only ~5% higher than the value of
bituminous coal, 12.49 %wt (Fig. 5 (A)). Carbon content linearly
increased with torrefaction temperature, whereas the oxygen content
declined (Fig. 5 (A)). Nitrogen is nonvolatile at the mild torrefaction
temperatures and is enriched in the torrefied products. Fig. 5 (B) shows
the torrefied pod data overlaid onto a Van Krevelen diagram. The
element ratios gradually shifted away from biomass towards coal with

Fuel 291 (2021) 120260

the increase of torrefaction temperature. The torrefied pod has similar
chemical composition, i.e. H/C and O/C, as peat when the torrefaction
temperature increased to 210 °C, and the pods can be further torrefied to
a fuel like lignite when the torrefaction temperature is at 254 °C. The
torrefied pod is expected to have similar fuel qualities as coal when the
torrefaction temperature is 281 °C.

Fig. 6 displays the impacts of torrefaction temperature on the energy
content and grindability of the torrefied pods. A torrefaction tempera-
ture of 281 °C yields a product with HHV of 27.26 MJ/kg, close to the
value of the bituminous coal sample, 28.18 MJ/kg. The grindability of
the torrefied pods was improved owing to the embrittlement of the
material and breakdown of hemicellulose during the torrefaction pro-
cess [7]. The HGI of the torrefied pods was also found to increase with
the torrefaction temperature, but polynomially over the temperature
range (184-281 °C), achieving a HGI comparable to bituminous coal at a
treatment temperature of ~220 °C. The HGI of the raw pods with par-
ticle size < 2 mm, 27.53, increased almost five-fold when torrefied at
281 °C.

XRF analysis was performed to determine the elemental composition
of the raw and torrefied pods; data and error estimates for all elements
detected are presented in Table S2. The limit of detection (LOD), defined
as the minimum detectable concentration of an element in the wax
pellet/matrix, calculated here as the average LOD from all measure-
ments on the torrefied pods from the fixed bed reactor and LECO macro-
TGA. Samples with element concentrations higher than the LOD are
reported. Table S3 includes the XRF-based total oxides (ash content)
calculated by two different matrices, i.e. C¢H100s5 [18,46,47] and the
matrix derived from the ultimate analysis results. The ash content of the
torrefied pods based on XRF analysis and the CgH;(Os matrix is closer to
that obtained by proximate analysis (RMSE = 0.58 %wt) than the ash
content based on the same XRF data and the ultimate analysis matrix
(RMSE = 1.40 %wt). The element concentrations listed in Table S2,
therefore, were calculated using C¢Hj¢Os matrix.

Although the fuel properties of the pods are markedly improved by
torrefaction, the thermochemical conversion of torrefied pods remains
challenging owing to high concentrations of alkali metals. Fig. 7 (A)
presents the major element content (>1,000 ppm by mass) of the tor-
refied pods quantified by XRF. These major elements are in nonvolatile

[ | B Volatile Matter

M Fixed Carbon

100 ‘ ‘

80

60

Content % wt

40

20

Raw 165°C

184°C 208°C(W)210°C 215°C 230°C 254°C 281°C  Coal
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Fig. 4. Proximate analysis results of the torrefied pods.
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form in the torrefied pods and increase with torrefaction temperature.
The concentration of alkali and alkaline earth metals, i.e. sodium (Na),
magnesium (Mg), potassium (K) and calcium (Ca), in the torrefied pods
were found to change linearly with the torrefaction temperature in the
range of 184-281 °C. It has been reported that Cl and K content of
biomass can be reduced via torrefaction and that the release ratio of Cl
and K increases with torrefaction temperature [48,49]. This was not
observed in the present study, as Cl and K concentrations linearly
increased with torrefaction temperature. Differences with the literature
reports are likely due to their smaller particle sizes (<0.5 mm), higher
torrefaction temperatures (350 °C), and a non-static fuel bed, all
contributing to improved mass transfer. Different from Cl and alkali
metals, sulfur (S) was released from the pods during torrefaction,
although the total S concentration increased with torrefaction temper-
ature. Fig. 7 (B) shows the relationships between the release ratio of S

calculated based on equation (5) and torrefaction temperature. The
release ratio of S generally increases with torrefaction temperature, and
approaching ~30% at 281 °C. In addition, the S release ratio of the pod
at 254 °C, ~27%, agrees with that reported for miscanthus and spruce
bark torrefied at 250 °C, 24 and 23.1%, respectively [49]. S contents of
the three biomass materials reported by Saleh et al. ranged from 270 to
1301 ppm indicating that its release ratio during torrefaction appears
independent of initial concentration [49]. Note that S released under
torrefaction conditions is thought to be associated with the organic
sulfur [45], and would form HsS [50], which can be removed from the
off gas stream using readily available commercial processes such as iron
sponge sorption, activated carbon beds, or amine solutions [51].
Thermogravimetric (TG) and derivative thermogravimetric (DTG)
analyses of the raw and torrefied pods were conducted by micro-TGA,
and the results are shown in Fig. 8. In general, mass loss has three
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Fig. 6. Higher heating value and Hardgrove grindability index of the torre-
fied pods.

stages: (1) 1st stage (T < 200 °C) with slightly reduced mass, usually <
10 %wt; (2) 2nd stage (200 < T < 500 °C) with significant drop in mass;
(3) 3rd stage (T > 500 °C) with limited weight loss [9]. The mass loss is
mainly attributed to (1) drying and releasing of some light volatile
species at the 1st stage; (2) decomposition of hemicellulose, cellulose
and lignin at the 2nd stage; (3) degradation of other heavy components
(mainly unreacted lignin [52]) at the 3rd stage [9]. As with the results
obtained from proximate and ultimate analysis, torrefaction at 165 °C
did not have significant impact on the pod reactivity. For the raw pods,
the mass loss at the 1st stage is < 5 %wt, whereas mass loss at the 2nd
stage is approximately 60 %wt (Fig. 8 (A)). The major decomposition of
hemicellulose and cellulose occurs at 180-360 °C (Fig. 8 (B)). The 1st
stage mass loss of the torrefied pods is similar to that of the raw mate-
rials, whereas the weight loss fraction of the torrefied pods at the 2nd
stage span a range of 30-60 %wt (absolute) and decreases with the
torrefaction temperature. The onset temperature of the 2nd stage
decomposition for torrefied pods, however, increases with torrefaction
temperature and shifts from 186 °C for raw materials to ~300 °C for
pods torrefied at 281 °C. This shift results from the removal of volatile
species/gases during the torrefaction process. Correspondingly, the
temperature of maximum mass loss rate shifts from 308 °C to 393 °C as
torrefaction temperature increases from 165 °C to 281 °C. In addition,
the amounts of residue at the end of the 3rd stage (500 °C) increased
with torrefaction temperature, from 35 %wt to 65 %wt of initial sample
mass at 165 °C and 281 °C, respectively. Note that part of the hemi-
cellulose and cellulose was also removed by torrefaction at a tempera-
ture > 254 °C, as reflected by the significant reduction of peak height, i.
e. mass loss rate for the torrefied pods. As expected, the TG and DTG
curves approach that of bituminous coal at higher torrefaction
temperatures.

The chemical structure of the raw and torrefied pods was investi-
gated using FT-IR. Fig. 9 shows the absorption spectroscopy of raw and
torrefied pods. For the torrefied pods, the intensity of the OH bands at
3307 cm ™! decreases with increasing torrefaction temperature owing to
the decomposition of carbohydrates, and the peak almost disappears for
torrefaction temperatures > 254 °C [14,53]. Conversely, the CHy— and C
= G stretching peaks (2918 and 1604 cm™}, respectively) significantly
increase with torrefaction temperature, illustrating these fractions are
not significantly affected by the torrefaction process and may become
more concentrated owing to the removal of other fractions, i.e. hemi-
cellulose [8,53]. As expected, the intensity of C-O stretching band at
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Fig. 7. XRF elemental analysis results of torrefied pods: (A) concentration of
major elements; (B) release ratio of sulfur.

1031 cm™}, associated with carbonyl groups of hemicellulose or dehy-
drated cellulose, decreases with increased torrefaction temperature, and
may result from the removal of acetyl groups [53]. This is consistent
with the ultimate analysis results, i.e. the oxygen content of the torrefied
materials decreases with the increase of torrefaction temperature.

The preliminary torrefaction tests were performed with a fixed bed
reactor in a temperature range of 165-281 °C with 60 min hold time and
cooling period, and the results indicate that the torrefaction process can
pronouncedly improve the fuel qualities of pongamia pods, and the
particle size reduction of the raw pods isn’t necessary. The mass and
energy yields and energy densification index can reach targeted values,
70%, 90%, and 1.30, respectively, at torrefaction temperatures of
220-230 °C. The torrefied pods possess similar fuel qualities as bitu-
minous coal at a torrefaction temperature of 281 °C, at which the oxygen
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Fig. 8. Micro-TGA analysis of torrefied pods: (A) thermogravimetric curve; (B) derivative thermogravimetric curve.

content will be less than 20 %wt. The mass loss in the torrefaction
process is mainly attributed to the chemical decomposition of hemicel-
lulose, which is demonstrated by the TG and chemical structure analysis
performed by micro-TGA and FT-IR, respectively. In addition, sulfur was
found to slowly release from the pod during the torrefaction process, but
the torrefied materials still have increased sulfur content in comparison
with the raw pods. The release of chlorine during torrefaction, however,
was not observed. The further elevated concentration of alkali metals
and Cl will require attention if the torrefied pods are considered for
combustion and gasification applications [54,55], and other pretreat-
ment of the pods, e.g. water leaching, may be needed.

3.2. Macro-TGA

The LECO TGA 801, was also employed for torrefying the pongamia
pod. Table 1 presents the torrefaction performance results from the
macro-TGA system operated with increased sample mass per crucible, i.
e. from ~1 g to ~5 g. Across the range of initial sample mass from ~19 g
to ~95 g, the mass yield varied < 1% (absolute), energy densification
index varied from 1.25 to 1.28 (~2.5% relative), and no significant
impacts were observed on heating value, volatile matter, ash and fixed

carbon results. Thus, the macro-TGA may be used to perform torre-
faction tests with similar sample processing capacity as the fixed bed
reactor. The varied sample mass torrefaction tests were repeated with
uncovered crucibles to investigate the impact on torrefaction perfor-
mance. The results (Table S4) indicate that without a crucible cover, the
varied sample loading mass (1-5 g) results in variation in torrefied
product properties of 10-20% (relative).

Fig. 10 shows the sample mass change during the pod torrefaction
process from 184 to 281 °C with 20 °C/min heating rate, 60 min resi-
dence time, and 60 min cooling period in covered crucibles; the plot
includes mass loss data for all 19 crucibles. The physicochemical prop-
erties and chemical structure of these torrefied materials were also
analyzed and reported in Tables S5 and S6, and Figure S1. As with the
fixed bed reactor, the mass yield of the torrefaction process approaches
targeted values, 70%, when the torrefaction temperature is approxi-
mately 230 °C. The mass yield at higher temperature, i.e. 240, 254, and
281 °C, reaches 70% when the residence time is approximately 40, 15,
and 5 min, respectively, if the mass loss during the cooling process is not
considered. As biomass torrefaction strongly depends on the chemical
decomposition of hemicellulose, the torrefaction temperature has a
greater impact on the torrefied product than residence time, moisture



J. Fu et al. Fuel 291 (2021) 120260
0.167 Pongamia Pod
Reactor Torrefied Pod at 165°C
0.15{ Reactor Torrefied Pod at 184°C
Reactor Torrefied Pod at 210°C
014 Reactor Torrefied Pod at 215°C
) Reactor Torrefied Pod at 230°C
Reactor Torrefied Pod at 254°C
0.13{ Reactor Torrefied Pod at 281°C
0.12
0.114
o 010
o
c
©
5 009
17
<
0.08
0.07
0.06
0.054
N \\\ —J
0.04 \/
0.03
3000 2500 2000 1500 1000
Wavenumbers (cm-1)
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Table 1 100
Comparison of torrefied pongamia pods’ (<2 mm) properties produced with a
LECO TGA-801, covered crucibles, and different starting sample masses. TGA-
801 operating conditions ramped from 25 to 225 °C at a rate of 20 °C/min, 90
60 min hold, under a nitrogen environment.
Mass 10g 20¢g 30¢g 40¢g 50¢g
My (%) 72.74 + 73.25 + 73.67 + 73.60 + 73.68 £ X 80
0.26 0.19 0.18 0.19 0.16 8)
HHV (MJ/ 20.42 + 20.57 £ 20.17 £ 20.89 + 20.77 £ %
kg) 0.31 0.07 0.39 0.07 0.06 <
Ey (%) 91.02 + 92.33 + 91.04 + 94.19 + 93.79 + % 70
1.39 0.32 1.75 0.31 0.26 g
Ied 1.25 + 1.26 + 1.24 + 1.28 + 1.27 + =
0.02 0.00 0.02 0.00 0.00 8'
VM wt% 65.01 + 65.4 + 65.12 + 65.57 + 65.34 + -~ 60
0.11 0.01 0.06 0.15 0.19
Ash wt% 7.97 + 8.15 + 7.48 + 7.8 £0.21 8.29 +
0.18 0.10 0.92 0.10
FC wt% 27.02 £ 26.45 + 27.4 £ 26.63 = 26.37 £ 50 -
0.27 0.11 0.80 0.07 0.20
Note: (1) VM and FC are volatile matter and fixed carbon content on dry basis,
respectively; (2) FC was calculated by subtracting the VM and ash percentages 40 | | |
from 100; (3) mass yield is average result of 19 analysis, and all other results are 0 40 80 120 160
given as the mean =+ standard error of three analyses. . .
Time/min

content, and particle size [7]. Macro-TGA was also employed to conduct
preliminary tests on the torrefaction process with zero residence, which
may help to reduce the overall processing time and cost. Fig. 11 displays
the thermogravimetric curve of torrefaction processes performed at 280,
290, 295 and 300 °C. The mass yield reaches 70% using a torrefaction
temperature of 295 °C, no hold time, and 60 min cooling. It should be
noted that the cooling period is necessary for the process to remove the
excessive smoke generated when residence time is zero.

Fig. 10. Thermogravimetric curve of the macro-TGA torrefaction tests with
20 °C/min heating rate, 60 min residence time, and 60 min cooling period.

3.3. Fixed bed reactor vs. macro-TGA

In comparison with the fixed bed reactor, the commercially available
macro-TGA has many advantages including: (1) simplified sample
loading and unloading, (2) easier to operate, and (3) capable of semi-
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Fig. 11. Thermogravimetric curve for the macro-TGA torrefaction tests without
residence time.

continuously monitoring of mass loss. The disadvantage is that the
product gases are not swept from the covered crucibles during the tor-
refaction process as would be the case at larger scales. The torrefaction
performance of the macro-TGA was compared with that of the fixed bed
reactor (Fig. 12). The data in Fig. 12, including mass and energy yield,
HHYV, volatile matter and ash content based on proximate analysis, C, H,
and N content, and HGI, were normalized and the overall RMSE = 0.13.
This comparison suggests that the TGA 801 can be used as a rapid
screening tool for biomass torrefaction.

4. Conclusion

Torrefaction of pongamia pods grown on the island of Oahu in
Hawaii was performed to study the impact of the torrefaction processes
on the fuel characteristic of the pods for potential use in thermochemical
conversion applications. The physicochemical properties of the torrefied
pods were determined and compared with that of bituminous coal. The
use of a commercially available macro-TGA as a rapid screening torre-
faction tool was also evaluated.

Based on the analysis, the following conclusions were drawn:

e The mass and energy yield and energy densification index of the
torrefaction process for pongamia pods reach the targeted values, i.e.
70%, 90% and 1.30, respectively, using torrefaction temperatures of
220-230 °C.

The torrefied pods possess similar fuel qualities as bituminous coal
when the torrefaction temperature is 281 °C.

A small fraction of sulfur can be released from the pod during tor-
refaction, but the torrefied pods are enriched in sulfur compared to
the parent material; the overall sulfur content of the torrefied pods is
much lower than the coal.

The release of chlorine was not observed during torrefaction, and the
elevated potassium and chlorine content of the torrefied pods will
require management to avoid deposition and fouling when utilized
for combustion or gasification.

The macro-TGA was capable of similar loading capacity, ~100 g, as
the fixed bed reactor, and torrefied pods generated by macro-TGA
possess similar fuel properties as that from the fixed bed reactor.
The macro-TGA is demonstrated as a fast screening tool to generate
torrefaction samples under varied process parameters of tempera-
ture, heating rate, and hold time.

10
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Fig. 12. Comparison of the macro-TGA and fixed bed reactor performance:
normalized experimental values.

e Although the torrefaction process can improve fuel qualities of
pongamia pod, further research to reduce their alkali metals and
chlorine contents should be pursued.

e More investigations are needed on the pretreatment and thermo-
chemical conversion of other residues derived from pongamia oil
processing, such as truck of aged trees and seed cake.
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