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Abstract: This study optimizes pyrolysis conditions that will maximize energy recovery from the
Beauty Leaf Tree (BLT; Calophyllum inophyllum L.) oil seed press cake. Response surface methodology
(RSM) was used to determine the behavior of pyrolysis coproducts (solid, liquid and gas) at various
temperatures and residence times. One significant discovery was that 61.7% of the energy (of the
whole BLT oil seed) was still retained in the BLT oil seed cake after oil extraction. Controlled pyrolysis
produced various proportions of biochar, bio-oil and syngas coproducts. Predictive models were
developed to estimate both the mass and energy yields of the coproducts. In all experimental runs,
the biochar component had the highest mass yield and energy content. Biochar mass yields were
high at the lowest operating temperature used, but the energy yields based on a high heating value
(HHV) of products were optimal at higher operating temperatures. From the RSM models, energy
from the biochar is optimized at a pyrolysis temperature of 425 °C and 75 min of exposure time.
This biochar would have a heating value of 29.5 MJ kg !, which is similar to a good quality coal.
At this condition, 56.6% of the energy can be recovered in the form of biochar and 20.6% from the
bio-oil. The study shows that almost all the energy present in the feedstock can be recovered via
pyrolysis. This indicates that commercial biodiesel producers from BLT oil seed (and other oil seed)
should recover these additional valuable energies to generate high value coproducts. This additional
efficient energy conversion process via controlled pyrolysis will improve the overall economics
and the feasibility of 2nd generation biodiesel production from BLT—a highly potential species for
cultivation in many tropical countries.

Keywords: response surface methodology (RSM); Beauty Leaf Tree (BLT); oil seed press cake; batch
pyrolysis; optimization; biochar; bio-oil; bio-liquor; syngas; Calophyllum inophyllum

1. Introduction

Forest wastes comprised the second largest biomass resource produced in the coastal
areas of Queensland and the Northern Territory of Australia [1]. These wastes include
bark and post-harvest residues. Additional wastes are also produced continuously as
green wastes. These wastes can be used in biofuel generation. However, there is a need to
understand the energy and mass balances in the waste products, including those in the
oil seed extraction process to better utilize the energy from the spent wastes to improve
the overall economics of biofuels production. Hence, the overall goal of the current study
was to evaluate the distribution of mass and energy contained in the spent press cake, as it
undergoes controlled thermal treatment during pyrolysis process. By careful selection
of the temperature and exposure times, it is possible to optimize conditions needed to
maximize energy recovery from the spent waste materials.

Various studies have shown that Beauty Leaf Tree (BLT) is a potential source of non-
edible and non-food competing oil for producing biodiesel, due to its ability to grow in
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a wide range of climatic conditions, easy cultivation, high fruit production rate and high
oil content in its seeds [2-5]. This plant is native to coastal areas of Queensland, Western
Australia and Northern Territory of Australia. Additional studies have also demonstrated
optimized biodiesel production via second-generation biodiesel methods [3,4], and the
fuel properties were found to be resembling those of conventional diesel fuel and another
edible oil-derived biodiesel [6,7].

There have been many efforts to replace fossil-fuel-based engine fuels with plant
or animal derived biofuels over the last decade [3,7]. However, one major challenge to
commercialize biofuels made from non-food sources has been its overall cost of produc-
tion [8] and energy cost [9]. According to the US Department of Energy, biodiesel made from
virgin soybean oil is energy efficient, yielding 3.2 units of fuel energy for every 1 unit of
fossil fuel energy used to produce it, while reducing lifecycle CO, emissions by 78% [9].
Other non-edible based biodiesel will not have similar positive net energy balance. Studies
are therefore warranted to prove this positive energy balance for each new source of oil for
biodiesel production. Likewise, the competitiveness of biodiesel from non-food sources is
a strong function of crude oil prices. As the crude oil price drops to below $100 a barrel,
so does the competitiveness of biodiesel production, and this must be considered when
developing new biofuels from plants [10]. Further engine testing and emissions charac-
teristics of BLT biodiesel have shown baseline ASTM standard values in comparison with
other non-edible oil seed biodiesel such as jatropha and jojoba [7].

Large quantities of pressed oil seed cakes are ubiquitously produced from oil extrac-
tion processes [2,11-13]. These cakes must be further converted into high value products
to improve the competitiveness and sustainability of this biodiesel fuel production process.
One potential pathway is controlled thermal conversion via pyrolysis. Limited studies have
been conducted on these recovery processes such as the study conducted by Kongkasawan
et al. in 2016 [11] on the jatropha waste meal, where it was found that more than 50% of
the initial biomass of the whole seed remained in the press cake.

Numerous biorefineries around the world produce millions of liters of biofuels from oil
seeds [13]. These companies ignore the importance of spent press cake after oil extraction,
and consider this as a waste, particularly when it has toxic substances (e.g., jatropha or
calophyllum; [5,14]). These biorefineries should realize that significant amounts of energy
from the seeds are sequestered in the press cake, as this study will demonstrate.

In a comprehensive study by Jahirul et al. [15], pyrolysis technology was recom-
mended as the best option to recover energy from wastes due to its numerous socioeco-
nomic advantages and the high efficiency of conversion into bio-oil, biochar and syngas,
as compared to other thermochemical conversion processes. Hence, the pyrolysis pathway
was chosen for this study.

In the present study, spent (oil extracted) press cake from Beauty Leaf Tree (BLT;
Calophyllum inophyllum L.) seeds [12] was pyrolyzed using a batch type reactor. BLT was
selected as it is easy to cultivate and harvest and produces large amounts of oil-rich fruits
(Figure 1).

The primary reason for using the batch type reactor was to minimize losses of co-
products. The properties of the pyrolysis products such as the biochar, bio-oil and gaseous
products were thoroughly examined. The optimum conditions for the mass and energy
yields were studied by establishing statistical models using response surface methodology
(RSM). The results of this study will show improved feasibility for biodiesel production,
with the recovery of coproducts.
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Figure 1. Beauty leaf tree (BLT) showing its profuse fruit-bearing nature.

2. Study Objectives

The main technical goal of this study was the identification of proper treatment
conditions that would yield optimized coproducts that may be used to develop better
feasibility studies for commercial production of biofuels. The specific objectives are as

follows:

a. Optimize the biochar, bio-oil, bioliquor and syngas production from pyrolysis of
beauty leaf tree oil seed press cake using response surface methodology (RSM),

b.  Determine the mass and energy balances required for optimal production of solid,
liquid and gaseous coproducts, and,

C. Provide future project directions to optimize the overall energy recovery from wastes

resulting from biodiesel production process.

3. Materials and Methods
3.1. Sample Preparation and Characterisation
The pyrolysis experiments were carried out at BETA Laboratory (https:/ /betalab.

tamu.edu/ accessed on 29 April 2021) of Texas A&M University, College Station, Texas.
Beauty Leaf Tree (Calophyllum inophyllum L.) seeds (kernels) were sourced from Queensland,
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Australia. The BLT oil was extracted from BLT kernels using a mechanical oil seed press
(Komet Press, Germany). Then, the press seed cake, which is a byproduct of biodiesel
production, was dried, ground and passed through a 5 mm sieve using the Tyler sieve set
(W. S. Tyler, Cleveland, OH, USA) [12].

PARR isoperibol bomb colorimeter (Model 6200, Parr Instrument Company, Moline, IL,
USA) was used to measure the high heating value (HHV) of the sample in accordance with
the ASTM D 2015. The elemental composition of the press cake was determined using a
Vario-MICRO Elemental Analyzer (ASTM D 3176; Standard Practice for Ultimate Analysis
of Coal and Coke). For the proximate analysis, ASTM standard D 3173 (Sample Preparation
and Moisture Content Determination), D3175 (Standard Test Method for Volatile Matter
for Ash in Biomass) and E1755 (Standard Test Method for Ash in Biomass) methods were
used [14].

3.2. Experimental Facilities

Pyrolysis of BLT seed cake was conducted using a batch type Parr reactor (Series
4580 HP/HT, Parr Instrument Company, Moline, IL, USA) [12]. A cylindrical electric
heater heated the 1.5 L AISI 316 S.S. batch with a thermocouple placed inside the reactor.
Temperature and exposure time were controlled with a reactor controller (Series 4840, Parr
Instrument Company, Moline, IL). A condenser cooled by an ethanol-water—glycol mixture
was used to condense the gas.

Approximately 60 g of the dried seed cake was pyrolyzed each time. The reactor
chamber was flushed with Ny gas for 15 min to remove oxygen. The reactor was heated at
a rate of about 5 °C/min until the set temperatures (300 °C, 400 °C or 500 °C) were reached.
The desired temperature was held each for 30, 60 or 90 min. During pyrolysis, the pyrolyzed
gas was condensed (—4 °C), and the volume of the uncondensed gas was measured using a
gas meter (METRIS 250, Itron Inc., Owenton, KY, USA). The uncondensed gas was sampled
atregular intervals using pre-weighed Tedlar gas sampling bags. After pyrolysis, the reactor
was cooled for 10-24 h, prior to collecting the biochar and liquids. The condensed liquid
was separated into aqueous (io-liquor) and organic portions (bio-oil) and stored in glass
bottles. Weights of the biochar and the liquid were taken soon after collection.

3.3. Analytical Methods

The solid, liquid and gas products of BLT press cake pyrolysis were analyzed. First,
the high heating value (HHV) and elemental composition of solid and liquid products
were determined using the Parr bomb calorimeter and Vario MICRO Ultimate Analyzer
(C, H, O, N and S), respectively as explained in Section 3.1. The proximate analysis and
moisture content analysis for solid pyrolyzed char were determined according to ASTM
E1755 and D3172. Moisture content of the bio-oil was also obtained by using a KF Titrino
701 (Metrohm, Riverview, FL, USA) in accordance with the ASTM E203 standard. A gas
chromatograph was used to determine the composition (Hp, Np, O, CO, CHy, CO,, CoHy,
CyH4, CoHg, C3Hg and C3Hg) of pyrolysis gas. The gas chromatograph (GC, SRI Multiple
Gas Analyzer MG #1, Torrance, CA, USA) was equipped with a thermal conductivity
detector (TCD), a Molecular Sieve 5A 80/100 (3’ 1/8” ID SS, Restek, Centre County, PA,
USA) and a ShinCarbon ST 80/120 (2 mm ID SRI 8610C, Restek, Centre County, PA, USA).
Argon was used as a carrier gas. The initial temperature of the GC was set at 40 °C and it
was increased to 280 °C and held for 18.5 min. The temperature was raised at the rate of
10-20 °C/min. The weights and the energy contents of the BLT press cake and those of
pyrolysis products were used to calculate recovery of the masses and energies of pyrolysis
products, respectively.

3.4. Experimental Design and Statistical Analysis of Data

The central composite design (CCD) is a type of response surface methodology (RSM),
which is often used to optimize pyrolysis conditions, coefficient estimation and to determine
the significance of independent factors. The temperature and residence time are the two
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influential pyrolysis factors used in this study. Central composite face-centered (alpha
value = 1) was chosen for temperature (300 °C, 400 °C and 500 °C), and exposure times
(30, 60 and 90 min). A combination of temperature and residence time resulted in a set of
12 conditions (Table 1). It can be noted that the 400 °C and 60 min combination has been
replicated 4 times and the others will have one value.

Table 1. Experimental design of central composite face-centered operating conditions.

Coded Variable Level
Set No. - Temperature (°C) Time (min)
Temperature Time
1 0 1 400 90
2 1 0 500 60
3 0 0 400 60
4 -1 1 300 90
5 -1 0 300 60
6 0 0 400 60
7 1 -1 500 30
8 0 -1 400 30
9 0 0 400 60
10 0 0 400 60
11 1 1 500 90
12 -1 -1 300 30

The analysis of variance (ANOVA) was used to explain the fitness of the regression
models with a 95% confidence level. This analysis helps to determine if the treatments
had any significant effect on biofuel production, and then to identify the treatments that
performed significantly better than the other treatments. The higher the value of the
coefficient, the greater will be the effect of the factor being tested. With the coefficient
values, the F statistic value can be used to determine if the effect of each factor was
significant. If the F value (ratio of the mean square of treatments to the error mean square)
is large, then the variance by the model is significantly larger than random errors (error
variance). Amongst all the response parameters studied, only the solid heating value
(MJ/kg), solid energy yield (%) and mass conversion response parameters (wt %) are
reported in this paper. All the models were chosen by reducing the terms using both
backward and stepwise model selection to avoid collinearity problems, which can result in
large standard errors, poor numerical accuracy and wrong partial regression coefficients.

The following equations were used in the data analysis. Mass and energy were bal-
anced with consequent losses. Energy yield shows the magnitude of the energy conversion
of the initial biomass after pyrolysis, while the mass product yield represents the mass con-
version during the pyrolysis process. The energy density of the pyrolyzed solid products
represents the ratio between the increased energy yield and the converted mass yield.

Product yield (%) = Mpyrolysis/ Minitial X (100%) @)

Char yield (%) + Liquid yield (%) + Gas yield (%) + Loss (%) = 100% 2)
Energy yield (%) = (mpyro X HHVpyro)/ (Minitial X HHVipjtia1) X 100 ®3)
Energy density (%) = Eenergy._yield (70)/Mproduct_yield < 100 4)
Product yield (%) = mproduct/ Minitial x 100 ©)

Total biomass yield (100%) = Biochar (%) + Liquid (%) + Gas (%) + Loss (%) (6)

where
Liquid yield (%) = bio-oil (%) + aqueous (bioliquor) (%)

Energy Yield (%) = (mproduct X HHVproduct)/ (Minitial X HAVinitia) % 100 )
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4. Results and Discussion
4.1. Beauty Leaf Tree Oil Press Cake Characteristics

Table 2 shows the basic properties of the BLT seeds and the cake resulting from oil
extraction using an oil press. Comparing the high heating value (HHV) of BLT seeds
with the de-oiled press cake, one would observe that about 61.7% of the energy from
the whole seed remained in the cake (on dry basis). Additional comparative data is also
shown for a common oil seed crop jatropha and its corresponding de-oiled press cake [11].
One advantage of optimizing BLT seeds is its very high energy content (31.6 MJ kg~ !,
dry basis) compared with jatropha seeds (22.2 MJ kg~!, dry basis). About 29.7% more
energy is contained in BLT seeds than in the equal amount of jatropha seeds on a dry basis.

Table 2. BLT press cake sample characteristics compared with other press cakes.

BLT Jatropha .
BLT Seeds De-oiled é:t:;l;i‘ Oa] De-oiled RIC? Sjraw
Cake cake [10]
HHV (M] kgfl) 329403 1924+0.08 24.0+024 205+04 142 +0.2
Moisture (wt %) 407 +012 9914011 75+0.12 182+ 04 9.2+0.1
Proximate VCM 925+ 0.5 752402 7714+£095 73.0+0.01 69.3+0.1
analysis Ash 2244023 6.10£012 59+0.55 9.2 £0.76 21.7 £ 1.1
(wt %) FC 527 +024 187+012 94+053 11.34+1.01 9.01£0.96
C 65.8 44.0 53.7+0.79 433+0.6 36.6 + 0.2
Elemental H 1.18 3.50 8.0 £0.02 5.8 £ 0.04 4.9 £0.15
analysis N 8.96 6.16 45 +0.23 50+046 0.77 +=0.02
(wt %) S 0.24 0.32 - - 0.23 +0.02
O* 21.61 39.90 27.9 36.7 31.96

* Calculated by difference.

The prime reason is the genetic differences between the two species in tissue structure
and composition [16,17]. Jatropha seeds have lower oil yield, only 25%, as reported in the
literature [16]. Additionally, the lower ash content and higher VCM composition can result
in the higher HHYV as in the case of BLT cake. Hence, if one were to develop a program for
biodiesel production, BLT oil seed offers a better energy pathway than jatropha based on
its seed oil content.

Another clear advantage of using BLT seeds was its relatively low ash content (5.3%)
compared with soybean seeds that contained around 6.4% [18]. Jatropha seeds have very
similar ash content. This parameter is important for continuous thermal conversion options
to avoid slagging and fouling issues [14]. BLT seeds have relatively higher volatiles com-
pared with jatropha seeds (92.5% versus 77.1%). This is important for syngas production.

BLT seed also has superior carbon content (65.8%) compared with jatropha seeds
(53.7%). A higher carbon content will yield excellent quality biochar coproduct from the
seed cake. Biochar with high carbon content can be easily upgraded into highly valuable
materials such as activated carbon and graphene [14].

4.2. Product Yields (Mass Balance)

Figure 2 shows the major product yields resulting from the pyrolysis of BLT press cake.
Note the superior mass yields from biochar throughout all operating temperatures, with
the highest from lower temperature operations (82.8% mass yield at 300 °C and 30 min
exposure time). Hence, if biochar production is to be optimized by weight, the temperature
conditions should be on the lowest regimes, as compared to the mass yields from jatropha
pyrolysis [11]. High biochar yield (around 50%) was obtained from BLT at 400 °C, whereas
lower biochar yield was obtained at 500 °C. This also indicates significant recovery of
energy from BLT waste in the form of bio-oil at 500 °C, as more bio-oil and gas yields
were observed.
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Relative yields of pyrolysis products
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Figure 2. Pyrolysis product yield of BLT press cake at various operating conditions (temp; 300—
500 °C/residence time; 30 to 90 min). This is a modified version of the book chapter by [12]. Reproduced
with permission from [12].

The RSM results will define the actual ranges of temperature to be used if this is the
ultimate goal. The mass yields from syngas are the next highest value and the lowest mass
yields came from the bio-oil portion. However, it was found out in this study that the
bio-oil heating value is superior to the syngas heating value.

Figure 2 shows the following basic trend in the production of coproducts:

e  Biochar yield by weight decreased with increasing temperature from a high value of
82.8% (300 °C and 30 min) to a low value of 28.6% (500 °C and 60 min).

e Bio-oil yield increased as the temperature was increased. The highest bio-oil product
yield by weight was found at 12.8% (500 °C and 90 min) and the lowest (2.7%) at the
lowest temperature used (300 °C and 30 min).

e Syngas mass yield increased, as the operating temperature increased from 400 to
500 °C. However, there was no clear trend at lower temperatures (300 °C and 400 °C).

Tables 3 and 4 show the ANOVA for the effect of biochar and bio-oil being correlated at
a range of factors. The proposed model equation is shown in Equation (8). For example, in
Table 3, a model F-value of 81.91 implies the model was significant. In this case, there was
only a <0.01% chance that the F-value this large could occur due to other factors (or due to
noise). Values of “Prob>F" less than 0.05 indicate that model terms were significant. In this
case, temperature and the square of temperature were very significant model terms. Values
greater than 0.10 indicate model terms were not significant. If there are many insignificant
model terms (not counting those required to support the hierarchy), the model reduction
may improve the suggested model. The “Lack of Fit F-value” of 0.33 implies factors that
were not significant relative to real error. In these results, there was 80.4% chance that a
“Lack of Fit F-value” this large could occur due to other factors (or noise). A non-significant
lack of fit is good, since we wanted the model to fit appropriately with the factors used for
the experimentation.

4.2.1. Proposed Biochar Mass Yield Equation: A Quadratic Model

Equation (8) shows the relationship to optimize the biochar mass yield. The equation,
in terms of the actual factors such as temperature and time of exposure, may be used to
predict the biochar yield as a function of both pyrolysis temperature and exposure time,
and determine the optimal value. Here, the levels should be specified in their original units
(°C and minutes) for each factor used, respectively.
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Table 3. ANOVA for biochar mass yield.
Sum of Mean F p-Value
Source Squares df Square Value Prob > F
Model 3441.89 5 688.38 81.91 <0.0001 e
A-Temp 3265.68 1 3265.68 388.58 <0.0001 e
B-Time 26.41 1 26.41 3.14 0.1267 NS
AB 24.87 1 24.87 2.96 0.1362 NS
A? 66.69 1 66.69 7.94 0.0305 *
B2 20.01 1 20.01 2.38 0.1738 NS
Residual 50.43 6 8.40 — - -
Lack of Fit 12.65 3 4.22 0.33 0.8035 NS
Pure Error 37.77 3 12.59 - - —
*p <0.05, *** p < 0.0001, NS not significant (p > 0.05).
Table 4. ANOVA for bio-oil mass yield.
Sum of Mean F p-Value
Source Squares df Square Value Prob > F
Model 110.24 5 22.05 43.55 0.0001 o
A-Temp 100.81 1 100.81 199.13 <0.0001 e
B-Time 1.08 1 1.08 2.13 0.1950 NS
AB 0.038 1 0.038 0.075 0.7928 NS
A? 6.66 1 6.66 13.15 0.0110 *
B2 0.12 1 0.12 0.25 0.6372 NS
Residual 3.04 6 0.51 - — —
Lack of Fit 1.00 3 0.33 0.49 0.7127 NS
Pure Error 2.04 3 0.68 — - -
Cor Total 113.28 11 — — — —

*p <0.05, ** p < 0.001, *** p < 0.0001, NS not significant (p > 0.05).

Biochar product yield (%) = 255 — 0.68 x Temp —0.77 x Time + 0.0008 x Temp x Time + 0.0005 x Temp? + 0.003 x Time?  (8)

When Equation (8) was used, the ranges of mass yields varied from a low value of
28.6% (500 °C and 60 min exposure time) to a high value of 82.8% (300 °C and 30 min
residence time). Hence, if biochar is to be optimized by weight, the operating temperature
should be the lowest temperature used in these experiments, and it should be associated
with the lowest exposure time. This is an excellent combination, as the pyrolysis process
requires external heating for continuous decomposition. Thus, if both temperature and
residence times are minimal, so does the overall input energy. This would result in a
significant reduction in input energy costs.

The decision for optimal product distribution, however, does not depend on the
biochar product alone. Bio-oil is another coproduct that produces even higher heating
values, as shown in the next section.

4.2.2. Proposed Bio-Oil Mass Yield Equation: A Quadratic Model

Equation (9) shows the relationship to optimize the bio-0il mass yield. The equation, in
terms of the actual factors such as temperature and time of exposure, can be used to predict
the maximum amount of bio-oil that may be produced as a function of both pyrolysis
temperature and exposure time. Likewise, the levels should be specified in their original
units for each factor used. Table 4 shows the complete ANOVA analysis results for bio-oil
mass yields experiments.

Bio-oil product yield (%) = 12.4 — 0.08 x Temp — 0.0017 x Time — 0.00003 x Temp x Time + 0.00016 x Temp? + 0.00024 x Time> 9)

When Equation (9) was used over the ranges of temperature and exposure times, the
bio-oil mass yields ranged from as low as 2.7% (300 °C and 30 min) to a high of 12.8% (500 °C
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and 90 min exposure time). The trend was increasing at higher operating temperature and
exposure times.

While it is important to optimize the mass yield of bio-oil, using Equation (9), it is also
equally important to know the corresponding heating value of the final produced oil at
various temperatures and exposure times to evaluate the proper future feasibility project.
The reason for this is the fact that bio-oil contained two fractions, the aqueous (minimal
heating value) and the organic fractions (very high heating value) and hence, weight alone
will not justify the proper project directions. Instead, the quality of the bio-oil is equally
important as it could affect fuel spray [19] leading to reduced fuel efficiency. Shown in the
next section will be the proper way of optimizing product yields, that is, to evaluate the
product relationship in terms of their high heating value (HHV) or energy content.

Similar to the biochar yield relationship, bio-oil production is also a strong function of
temperature and exposure time for the BLT press cake. In this relationship, the higher the
temperature, the higher is the mass yield of bio-oil.

4.3. Pyrolysis Product Properties
4.3.1. Liquid Product

Figure 3 shows the bio-oil elemental composition and the corresponding heating value
of the produced bio-oil. Note the ANOVA analysis in Table 5 indicating no significant
differences in the bio-oil heating value throughout the range of temperature and exposure
time used. Hence, we will not introduce a predictive equation for bio-oil heating value
relationship as a function of operating temperature and exposure time. At any operating
temperature, the organic fraction of the bio-oil will have consistent high energy content.

Bio-oil BC BN BH ®S @O eHHV-biooil (M)/kg)

(o]
o
1

40

i

300/30 300/60 300/90 400/30 400/60* 400/90 500/30 500/60 500/90
Operating conditions (temp, °C /time, min)

S (O [e2} ~
o o o o
N
=}

Bio-oil HHV (MJ/kg)

w
o

=

wn

N
o
=
o

Bio-oil elemental composition (wt%)

=
T
w

o

Figure 3. Bio-oil elemental composition and heating values.

The bio-oil product has superior high heating value with an average of approxi-
mately 35.4 MJ kg, as shown on actual measured values shown in Table 6. If one were
to determine the percentage contribution of energy from the bio-oil using Equation (9)
(% bio-oil product by weight) and the results of high heating value analysis from Table 6,
the energy contained in the bio-oil at the highest yield of around 12.8% by weight will be
around 22.4% of the energy from the press cake and 13.8% of the energy from the original
BLT oil seed. This condition is at an operating temperature of 500 °C and an exposure time
of 90 min.
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Table 5. ANOVA for the bio-oil high heating value.
Sum of Mean F p-Value
Source Squares df Square Value Prob > F
Model 7.41 2 3.71 2.49 0.1378 NS
A-Temp 5.98 1 5.98 4.02 0.0759 NS
B-Time 1.43 1 143 0.96 0.3529 NS
Residual 13.39 9 1.49 — — -
Lack of Fit 12.74 6 2.12 9.83 0.0440 *
Pure Error 0.65 3 0.22 - - -
Cor Total 20.80 11 - — — -
*p<0.05.
Table 6. Heating values of bio-oil produced at various temperatures and exposure times.
Bio-oil HHV (MJ kg~ 1) Bio-Oil Product Yield (%) Equation (9)
32.5 2.69
35.92 3.02
35.83 3.78
35.9 5.81
34.65 6.04
34.04 6.71
35.69 12.11
37.42 12.62
37.14 12.84

While the heating value of the bio-oil was relatively higher compared with the biochar,
its mass yield was quite low. Hence, the recovered energy from the biochar will be much larger.

4.3.2. Biochar

Table 7 shows the proximate and high heating value analysis results of the BLT
pyrolyzed biochar samples. Note the trend in the volatile combustible matter (VCM)
produced at the ranges of temperature used. The VCM is at its highest at the lowest
operating temperature and continue to decrease at higher temperature and longer residence
time. This is the opposite trend compared with the fixed carbon content of biochar. From the
raw data, the heating value was maximized at an operating temperature of 400 °C and
exposure time of 90 min. This result is quite different from other biomass samples where
the HHV of biochar is decreased as operating temperature is increased [20,21]. One reason
for this trend is the fact that the ash content of the biochar was significantly higher at very
high operating temperature, also shown in Table 7. The energy content of the resulting
biochar product was never higher than the original BLT seed samples used prior to oil
extraction (Table 2).

Table 7. Proximate analysis of BLT pyrolyzed biochar.

Dry Basis VCM (%) Ash (%) FC (%) HHV (MJ kg~ 1)
Temp/Time

BLT Seed 92,54 0.4 2.24 4023 527 402 32.92 +0.25
BLT deoiled cake 752+ 0.2 6.10 + 0.12 18.69 + 0.1 19.17 + 0.08
300/30 67.4 + 4.0 9.06 + 1.62 23.55 4+ 2.8 22.99 +0.00
300/60 65.8 + 2.7 7.07 4+ 0.77 27.16 + 2.0 25.58 + 0.41
300/90 63.5+2.5 9.15 +0.71 2732 £ 1.7 25.46 + 0.28
400/30 53.0 + 0.4 9.88 + 1.05 37.09 + 0.7 27.97 4+ 0.00
400/60 431412 12.83 + 0.58 47.46 + 1.2 28.75 + 0.61
400/90 36.7 + 0.8 14.51 + 0.07 48.84 + 0.8 29.34 + 0.05
500/30 174412 19.83 4 0.47 62.77 + 0.8 28.19 +0.13

500/60 21.0+ 09 19.29 £1.40 59.71 £ 0.5 27.51 £0.13
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Table 7. Cont.

Dry Basis VCM (%) Ash (%) FC (%) HHV MJ kg 1)
500/90 16.7 £4.3 20.13 £+ 1.03 63.20 3.2 27.41 +0.09

The predictive equation showing the effect of temperature and exposure time on the
heating value of biochar is given in Equation (10). The equation was likewise quadratic.
The corresponding ANOVA results are shown in Table 8.

Biochar HHV (M] kg™!) = —24.7 + 0.225 x Temp + 0.167 x Time — 0.00027 x Temp x Time — 0.00024 x Temp? — 0.000347 x Time?  (10)

Table 8. ANOVA for biochar heating value model development.

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 37.34 5 7.47 17.22 0.0017 **
A-Temp 13.76 1 13.76 31.72 0.0013 **
B-Time 1.56 1 1.56 3.59 0.1069 NS
AB 2.64 1 2.64 6.10 0.0485 *
A? 15.62 1 15.62 36.02 0.0010 *
B2 0.26 1 0.26 0.60 0.4678 NS
Residual 2.60 6 0.43 — — -
Lack of Fit 1.13 3 0.38 0.77 0.5826 NS
Pure Error 1.47 3 0.49 - - -
Cor Total 39.94 11 — — —

*p <0.05,** p < 0.01, NS not significant (p > 0.05).

Figure 4 shows the elemental composition of the biochar samples showing significantly
high carbon content (light blue) through all ranges of operating temperature used. There
is, however, a slight increase in the carbon content of the biochar samples as operating
temperature was increased with maximum at the highest operating temperature of 500 °C.
This trend was also consistent with the trend in the variations in fixed carbon based on the
proximate analysis (Table 6).

@C BN @H S @O WASH (%) HHV,dry(MJ/kg)

70 35
.

¥ 60 30
g . * ¢ . 'S . =
€ 50 . * 25 &
2 * 3
@ =
2 40 . 20 S
E I
S 30 15 T
l'_B -
€20 10 8
OE) [=4]
2 10 5

0 0

BLT seedseed cake 300/30 300/60 300/90 400/30 400/60* 400/90 500/30 500/60 500/90
Operating conditions (temp, °C /time, min)

Figure 4. Elemental composition of biochar and its corresponding high heating value.

The oxygen and hydrogen content of biochar samples decreased with increasing oper-
ating temperature. These elements could have been released with the volatile components
of the char during the pyrolysis process. This is a common trend in many similar stud-
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ies [22,23]. The ash content was around 10% up to a heating temperature of 300 °C, but its
proportion increased to more than 20% at 500 °C.

Figure 5 shows the optimal region for biochar production showing ranges of operating
temperature and exposure time for optimized biochar product with the highest heating
value. This region was between 400 to 450 °C and exposure time between 60 to 90 min.
The optimized point is at 425 °C with an exposure time of 75 min. This is clearly shown
in Figure 5. At this optimal condition, the biochar would have a HHV of 29.5 MJ kg1
Mass yield at this condition is about 40.9% (or 0.409 kg biochar/kg seed cake) yielding
an energy of 12 M] per kg of press cake, which was about 56.6% of the energy of the seed
cake or 34.9% of the original BLT oil seed. This was a significant energy recovery from the
biochar product.

Biochar HHV (MJ/kQg)

70

B: Time (minutes)

[
400 450

500

300 350

A: Temp (oC)

Figure 5. Optimal conditions to produce biochar from beauty leaf oil press cake.

If the main goal of the conversion process is the production of biochar with the highest
heating value, these should be the ranges of operating conditions that should be observed
and the optimal point condition. Earlier, we mentioned that biochar yield is optimized at
the lowest temperature. While one will get high mass yield at lower operating temperatures,
the biochar produced at this temperature will have lower heating value. Hence, this shows
the importance of optimization in the energy balance section of this study.

4.3.3. Van Krevelen Plot of Pyrolysis Coproducts

Van Krevelen plot is an interesting way of depicting the improvements of the co-
products against fossil-fuel-based materials. Shown in Figure 6 is the Van Krevelen plot for
the data resulting from this study. Following is an interesting description of the materials
evaluated:

a. BLT oil seed had superior properties than the seed cake. BLT oil seed had a lower
O/C ratio to begin with even though both have similar H/C ratios.

b.  The bio-o0il products had superior properties than the biochar, demonstrating closest
properties with petroleum-based-fuels. Hence, a little product upgrade will generate
conventional biofuels like gasoline and diesel.
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c. The properties of biochar samples approach those of high-grade coal [14]. Usually,
high-grade coal was in the lower left quadrant of the Van Krevelen plot. Hence, the
biochar produced in this process may be easily cofired with coal.

d.  Note how dehydration (removal of moisture) and decarboxylation (carbon reduction
relative to hydrogen) affected the behavior of coproducts. The bio-oil had higher
atomic H/C ratio than the biochar.

e.  The higher the operating temperature the better the qualities of the biochar. This pro-
cess is important, if the BLT oil seed cake press biochar is used to replace coal products.

2.1
X BLT seed B Seed cake & Biochar @ Biooil A Petro Fuels
1.8 4
A X QOQ u
@
1.5 .~ ® \\*e)-
Qe
o $
= 1.2 .
© d@o ’
L P % 60
T * “+
0.9 . \
0.6 v
0.3
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0/C ratio

Figure 6. Van Krevelen plot of coproducts from pyrolysis of the BLT oil seed cake.

4.4. Energy Balance

The overall energy balance for this study showed the distribution of energy to the
biochar, bio-oil and syngas and is shown in Figure 7. Observe the significant distribution of
total energy to the biochar. Clearly, the ideal operating temperature to optimize recoverable
mass and energy of the biochar for this pyrolysis process was at the lowest temperature of
300 °C and exposure time of 30 min. At this condition, about 91.3% of the energy of the
original seed cake was recovered in the biochar or 56.7% of the energy from the original
BLT oil seed (dry basis). Likewise, at this condition, the energy contribution from the
bio-oil was still quite significant and rather minimal from the gaseous syngas product.
Hence, we will not include the total energy recovery analysis from the syngas coproduct in
further analysis.

In this study we focused mainly on energy recovery. However, consideration should be
given to examining the properties of biochar resulting from different operating conditions,
as biochar is an extremely valuable material for water filtration, battery manufacturing and
to improve soil health. Characterizing the resulting biochar will help find additional uses
and hence increased revenue from pyrolysis products.

The overall bio-o0il energy recovery relationship in percentage (%) is shown in Equa-
tion (11) with corresponding ANOVA statistical results provided in Table 9. This is a quadratic
model as a function of operating temperature (°C) and exposure time (minutes). The region
when bio-oil is optimized is shown in Figure 8. This region is near the highest operating
temperature of 500 °C and the highest exposure time of 90 min. Unfortunately, due to low
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Figure 7. Energy distribution from the BLT pyrolysis process at different temperatures.

Bio-oil energy product yield (%) = 51.6 — 0.269 x Temp — 0.198 x Time + 0.00027 x Temp x Time + 0.00042 x Temp? + 0.00088 x Time? (11)

Table 9. ANOVA for bio-oil energy content.

Sum of Mean F p-Value
Source Squares df Square Value Prob > F
Model 467.45 5 93.49 36.93 0.0002 i
A-Temp 402.48 1 402.48 159.01 <0.0001 o
B-Time 1.17 1 1.17 0.46 0.5228 NS
AB 2.64 1 2.64 1.04 0.3464 NS
A? 46.84 1 46.84 18.51 0.0051 **
B2 1.65 1 1.65 0.65 0.4497 NS
Residual 15.19 6 2.53 - — -
Lack of Fit 8.17 3 2.72 1.16 0.4516 NS
Pure Error 7.02 3 2.34 - - -
Cor Total 482.63 11 - — — —

**p <0.01, *** p < 0.001, *** p < 0.0001, NS not significant (p > 0.05).

The biochar energy product yield in percentages (%) is shown in Equation (12) with
the corresponding ANOVA statistical results in Table 10. Note that the predictive equation
is a simple linear relationship with operating temperature and exposure time as a major
contributing factor. The optimal condition for maximizing the product based on the overall
energy recovery is at the lowest operating temperature and exposure time. The energy
contribution from the bio-oil, is quite small and will not alter this conclusion over the range
of temperature and exposure time used. Bio-oil production will be a major factor if, even
with small contribution, will offer highest cost returns.

The results of this study demonstrated that optimal recovery of energy from BLT oil
seed cake must come from the production of biochar. The succeeding section presents
a simple prefeasibility study showing yields of biochar and bio-oil at various operating
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temperatures and exposure times to estimate yields for every 1000 kg of BLT oil seed
cake processed.

Biooil ENGY (%)

90

70

60

B: Time (minutes)

50

40

30
300 350 400 450 500

A: Temp (oC)

Figure 8. Optimal conditions to produce bio-oil from the beauty leaf press cake.

Biochar energy product yield (%) = 179 — 0.255 x Temp — 0.05 x Time (12)

Table 10. ANOVA for biochar energy content.

Sum of Mean F p-Value
Source Squares df Square Value Prob > F
Model 3923.20 2 1961.60 77.30 <0.0001 o
A-Temp 3909.64 1 3909.64 154.06 <0.0001 e
B-Time 13.56 1 13.56 0.53 0.4834 NS
Residual 228.40 9 25.38 — — -
Lack of Fit 80.77 6 13.46 0.27 0.9172 NS
Pure Error 147.63 3 49.21 - — —
Cor Total 4151.60 11 — — — —

**#* p < 0.0001, NS not significant (p > 0.05).

4.5. Prefeasibility Calculations from Processing of 1000 kg (1 tonne) of the BLT Oil Seed Press Cake

The predictive equations developed in this study were used to make a rough estimate
of all coproducts’ mass and energy yields at various operating temperatures and exposure
times used. The values presented in this section show how much biochar and bio-oil was
produced for every 1000 kg (or 1 tonne) of BLT oil seed cake used. Table 11 shows the
resulting mass and energy values. The maximum total recoverable energy was around
2031 MJ of energy for every tonne of BLT seed cake. One should compare this to the
original energy content of seed cake of around 19,200 MJ for every tonne of cake produced.
While the energy value was slightly high at the exposure time of 90 min, the energy used to
prolong the exposure did not warrant nor suggest this operating condition. Input energy
was minimized in the pyrolysis process when exposure time was minimized. The input
energy was usually just a small fraction (<10%) of energy of all products [14]. At the
optimal biochar HHV product condition of 425 °C and 75 min of exposure time, only
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16,040 M] of energy was recovered from the biochar and bio-oil. The energy contribution
of the bio-oil coproduct was still inferior to the biochar component.

Table 11. Mass and energy yields of biochar and bio-oil from processing 1000 kg of press cake.

Operating Exposure Biochar Biooil Bi N Total
. - . iochar Biooil

Temperature Time Yield Yield Energy MJ  Energy (MJ) Recoverable
€0 (minutes) (kg) (kg) 8y 8y Energy (M])
300 30 828 6 19,430 88 20,310
300 60 750 5 18,830 109 19,920
300 90 726 5 18,970 135 20,320
400 30 522 9 14,800 208 16,890
400 60 468 9 13,660 209 15,750
425 75 468 10 13,760 228 16,040
400 90 409 12 12,090 330 15,400
500 30 316 21 8990 432 13,310
500 60 286 21 8140 459 12,730
500 90 310 24 8640 477 13,410

Table 11 clearly shows that the energy contributions of bio-oil was very minimal.
Thus, additional studies must be undertaken to further improve this liquid product yield.
The results of this study are very similar to those reported for jatropha press cake [11].

5. Conclusions

This paper described optimization of pyrolysis conditions for BLT oil seed press cake,
which is a byproduct of oil extraction during biodiesel production process. A previous
study [11] (e.g., jatropha oil seed press cake) shows that a large portion of the energy is still
retained in the press cake after oil extraction. The current study further validates this claim
and shows that about 61.7% (dry basis) of the energy of the whole seed is still contained
in the waste press cake. Hence, to improve the energy balance of biodiesel production,
residual energy retained in the press cake must be recovered and thermal processes such
as pyrolysis could be relied upon for this purpose.

The results of this research will have a significant impact on projects utilizing Aus-
tralian natural forest reserves, particularly native trees like BLT. The oil seed from this tree
serves as a highly potential source for biodiesel production [17]. Newer studies are now
being implemented in Indonesia to explore the potential of BLT for biodiesel production at
the village level [10,24]. However, with the price of crude oil still depressed in recent years,
the recovery of additional energy from the coproducts must be considered during biodiesel
production. Results from this study shows that more than 90% of the energy from the press
cake can be recovered via biochar at an optimal condition of 300 °C and exposure time of
30 min. Additional energy may be recovered from the bio-oil sample (organic portion),
although this will provide very minimal energy contribution. Hence, a significant amount
of energy from the press cake could be optimally recovered by controlled pyrolysis process.
Overall, the production of biodiesel must always be undertaken in conjunction with the
recovery of additional energy from the press cake. This will likely improve the overall
energy recovery and the economics of biodiesel production.

This study has shown how the solid (biochar), liquid (bio-o0il) and combustible gas
(synthesis gas) coproducts from press cake may be optimized depending upon on the
target product based on the relative commercial value of each of the coproducts. In all
experimental runs, the biochar energy yield was found to be the highest. Thus, programs
to direct production of biochar from press cakes must be developed and enhanced.
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