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a b s t r a c t

This study investigated the synergistic effect of co-torrefaction with intermediate waste
epoxy resins and fir in a batch-type reactor towards biochar improvement. The synergis-
tic effect ratio was used to judge the interaction between the two materials assisted by
statistical tools. The main interaction between the feedstocks was the catalytic reaction
and blocking effect. Sodium presented in the intermediate waste had a pronounced
catalytic effect on the liquid products during torrefaction. It successfully enhanced the
volatile matter emissions and exhibited an antagonistic effect on the solid yield. Different
from the catalytic reaction that occurred during short retention time, the blocking
effect was more noticeable with a longer duration, showing a synergistic effect on
the solid yield. Alternatively, a significantly antagonistic effect was exerted on oxygen
content, while the carbon content displayed a converse trend. This gave rise to a
major antagonistic effect on the O/C ratio which was closer to coal for pure materials
torrefaction. The other spotlight in this study was to reuse the tar as a heating value
additive. After coating it onto the biochar, the higher heating value could be increased
by up to 5.4%. Although tar is considered as an unwanted byproduct of torrefaction
treatment, the presented data show its high potential to be recycled into useful calorific
value enhancer. It also fulfills the scope of waste-to-energy in this study.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The space for the landfill in Taiwan is going to be saturated in the near future. Even though incineration can reduce
large volume of waste (Chang et al., 1998; Yang et al., 2012), the landfill is still needed for the incombustible matters.
onsequently, a more sustainable and economical waste management strategy needs to be devised in Taiwan and
orldwide (Ge et al., 2020; Lam et al., 2019). However, there is another important issue in Taiwan currently. Due to
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the natural limitation, Taiwan heavily relies on external imports for energy sources (∼98%) (Yang et al., 2018). This may
reate energy security problems (Yao et al., 2018) since the basic element, energy, is dependent on third parties. As a
esult, developing a self-reliant energy source is a priority. Combining the above two important issues, waste-to-energy
s a promising method as it mitigates not only the waste problem but also satisfies the demand for energy at the same
ime (Chen et al., 2017a).

Among all the wastes, the amount of electronic waste (e-waste) is believed to keep increasing worldwide in the future
Cui and Forssberg, 2003; Zhao et al., 2017). Furthermore, it has a high possibility of causing irreversible damages to the
nvironment (Cui et al., 2017) and human beings (Huang et al., 2016; Labunska et al., 2015) if it does not being treated
roperly. Among e-wastes, the waste epoxy resin occupies a very high proportion as it is the main component of printed
irculated boards (PCBs) (Chikhi et al., 2002) which exists in all the e-wastes. Therefore, transforming waste epoxy resin
nto energy should be the main priority in waste-to-energy scope and that can display a great influence.

Torrefaction is a favorable thermal pretreatment that is capable of condensing the energy density of biomass (Chen
t al., 2015a; Keivani et al., 2018; Kutlu and Kocar, 2018). For instance, under the torrefaction temperature of 260 ◦C
ith an hour duration, the HHV was enhanced by 15.3, 16.9, and 6.3% for wheat straw, rice straw, and cotton gin waste,
espectively (Sadaka and Negi, 2009). The 6%–18% increment of HHV was also obtained by yellow poplar after torrefaction
reatment found by Kim et al. (2012). Moreover, the torrefied biomass possesses the merits of hydrophobic (Chen et al.,
015c; Pimchuai et al., 2010), non-biodegradable (van der Stelt et al., 2011), and high grindability (Correia et al., 2017;
il et al., 2015) which are conducive to industrial applications. Consequently, transforming waste epoxy resin into energy
y using torrefaction might be a beneficial method. Besides, it is well-known that the quality of waste can vary greatly,
epending on the sources. It is difficult to control the operating parameters if the properties of the fuel are dissimilar.
hereupon, the traditional biomass–fir was mixed with the waste epoxy resin to perform co-torrefaction in this study,

nd it is hypothesized that the quality of fuel products will be alike after mixing (Chen and Chen, 2020). In addition to
oothing the unstable quality of wastes, blending with fir can greatly reduce air pollutant emissions if biochar is used as a
uel for combustion (Chen et al., 2021). That is attributed to the higher oxygen content in the biofuel (Chen et al., 2017a;
heruiyot et al., 2019), which will create more complete combustion (Chen et al., 2017b; Tsai et al., 2015).
Several previous studies had focused on the co-thermal treatment such as co-pyrolysis between waste resins and

raditional biomass and their interaction effects. For example, the synergistic effect on the liquid and gas yields were
iscovered after biomass was blended with plastic materials (Sajdak, 2017). A similar result was also found by Brebu
t al. (2010). After pine cone was added into the synthetic polymers, more gas-phase products were presented than the
heoretical value associated with lower char yield. On the other hand, Wu and Qiu (2014) announced that the antagonistic
henomenon was discovered in the total volatile matters (liquid + gas) in the case of co-pyrolysis between Chinese fir
nd printed circuit boards (PCBs) waste.
From the prior literature, most of the studies merely referred to the synergistic or antagonistic effect on the product

ields. Further investigations about the interaction impact on basic proximate analysis, elemental analysis, and high
eating value (HHV) of the product are still lacking. In this study, a batch type reactor was used to conduct the co-
orrefaction of epoxy resin and fir. The sample amount was sufficient to conduct the proximate analysis, elemental
nalysis, and HHV so that the interaction on the aforementioned analyses could be well-explained. The other highlight
n this study is the usage of tar, an unwanted waste produced from torrefaction, as an HHV enhancer. Based on the data
laborated in this study, it can solve the intermediate waste epoxy resin problems without tar issue, accomplishing the
ision of waste-to-energy conversion.

. Experimental

.1. Materials

Two intermediate waste epoxy resins (WE1 and WE2) were collected from two different processes. WE1 was from the
roduction of phenolic epoxy, while the liquid-type epoxy resin manufacture process was the source for WE2. A biomass
aterial, fir, was chosen to blend with waste epoxy resins which were provided by CPC Corporation, Taiwan.
All the materials were subjected to the same pretreatments to provide an identical basis. After putting the feedstocks

n a shredder, they were collected with the size under 0.149 mm (passing 100 mesh). Prior to experiments, both fir and
aste epoxy resins were stored in the oven (50 ◦C) for at least 24 h. The co-torrefaction experiments were conducted at

ir-to-waste epoxy resin mixing ratios of 1:0, 3:1, 1:1, 1:3, and 0:1 on a weight basis. After weighting waste epoxy resins
nd fir individually, both of them were put in the same glass tubes with caps. Then, vigorously shaken was conducted
o mix the waste epoxy resin and fir evenly before the reaction. The even quality was tested by the concentric sampling
ethod, and the maximum difference was not greater than 1.3%.

.2. Batch type reactor system and experimental procedure

The schematic diagram of the batch type reactor system is shown in Fig. 1. The whole system could be partitioned
nto three parts: inlet, main body, and outlet. The inlet part consisted of a gas cylinder full of nitrogen (Purity > 99%) and

flow meter. The flow rate of nitrogen was set as 100 mL/min. The main body part of this system included a glass tube,

2
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Fig. 1. The schematic of the conducted torrefaction experiment. (A=gas cylinder, B=glass tube, C=boat with feedstock/biochar, D=furnace,
E=thermocouple, F=temperature controller for furnace, G=temperature monitor of thermocouple, H=cooler, and I= bio-oil).

a boat, a hook, and a furnace with a K-type thermocouple. The boat loaded materials for the torrefaction reaction. The
weight of the tested materials was around 30 g in each run. After supplying a tested material, the boat was put inside of
the glass tube and the glass tube was sealed by two plugs. A hook was inserted into the plug to control the location of
the boat. Thereafter, the glass tube with a boat was placed in the furnace and the thermocouple was fixed at the center
of the sample pile. The temperature of the furnace was controlled at 300 ◦C which pertained to the severe torrefaction
(Chen and Chen, 2020). The temperature of the tested sample was displayed on the monitor through the thermocouple.
When the temperature of the tested sample achieved 300 ◦C, the duration time started to count. Three duration times
including 20 min, 40 min, and 60 min were considered in this study. After finishing the torrefaction treatment, the boat
with torrefied biomass (char) was pulled out of the glass tube by the hook. The weight percentage of char to the raw
biomass was measured for the solid yield.

The outlet part of this system comprised a cooling system and two cylinders. The cooling system was a straight glass
tube with a water coat. The water coat was filled with ice water (4 ◦C) which was supplied by a cooling water cycler.
After passing the cooling system, the condensable matters were collected by the first cylinder and they represented the
liquid product of torrefaction. The liquid yield was calculated to be the weight ratio of the liquid product to the original
weight, while the gas yield was calculated by mass balance. The next cylinder contained water and the connecting pipe
was inserted under the water level. This was used to check the leakage of the system. If the system was sealed well,
nitrogen could arrive at the last cylinder and there were a lot of bubbles during the experiments. Prior to experiments,
the flow rate conservation was also ascertained by measuring the nitrogen flow rate at the exit.

2.3. Analysis of torrefied biomass

After getting the torrefied products from the batch type reactor, several analyses including proximate analysis,
elemental analysis, and high heating value (HHV) were tested. The same basis conditions (50 ◦C and 100 mesh) for
torrefaction experiments were also set before the proximate analysis for comparison. The proximate analysis was
performed based on the standard procedure of ASTM E870-82. The moisture content of a sample was the ratio of the
weight difference before and after the drying process at 105 ◦C for 1 h. The remaining weight of a sample after heating in
a furnace at 590 ◦C for 3 h represents its ash content. Volatile matter (VM) was evaluated by the weight reduction under
950 ◦C heating without oxygen for 7 min. The fixed carbon (FC) content was calculated by mass balance, that is, FC =

100 - moisture - ash - VM.
Before conducting the elemental analysis and HHV, all of the materials were dried in an oven at 105 ◦C for at least 12

h to set the dry basis. After that, the elemental contents including C, H, N, and S were analyzed by an elemental analyzer
(PerkinElmer 2400 Series II CHNS/O Elemental Analyzer). The O content was attained by mass balance (i.e., O = 100 - C
– H – N -S), while the HHVs of the samples were measured by a bomb calorimeter (IKA C6000).

To characterize the chemical composition of the torrefied biomass, a Fourier transform infrared (FTIR) spectrometer
(Perkin Elmer Spectrum 100) coupled with the attenuated total reflectance (ATR) was used to target the specific chemical
bondings where the wavenumber range was between 600 and 4000 cm−1. According to the feedstock and products
of waste epoxy resin, several compounds with specific wavenumbers were identified and listed in Table S1. To ensure
3
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Fig. 2. The gas, liquid, and solid yields of pure materials with three different torrefaction retention times.

he reliability of the experiments, several samples were randomly picked to perform duplicate tests. The duplicate tests
ncluded the torrefaction experiments for mass yield, HHV tests, proximate analysis, and elemental analysis. The maximum
ifference among these duplicate tests was lower than 3%.

. Results and discussion

.1. Product yields after torrefaction

.1.1. Individual materials
The solid, liquid, and gas yields of the three individual materials (i.e., fir, WE1, and WE2) were shown in Fig. 2. It

ould be discovered that the solid yields for WE1 and WE2 were higher than fir, independent of the retention time. On
he contrary, the liquid and gas yields from fir were higher than the intermediate epoxy resins (WE1 and WE2), as a
onsequence of the higher thermal resistance of epoxy resins than fir (Chen et al., 2020a). Consequently, the thermal
reatment showed less influence on the waste epoxy resins, especially in producing liquid and gaseous products.

With increasing the torrefaction duration, the solid yield gradually decreased coupled with the increasing the liquid
nd gas yields regardless of feedstock. It was attributed to the materials experiencing thermal energy for a longer period
nd more torrefaction reaction was exerted on the materials. For the duration increased from 20 to 60 min, the solid
ield reduced from 54% to 45%, 85% to 68%, and 71% to 59% for fir, WE1, and WE2, respectively. A similar study in the
iterature also showed that the solid yield would decrease with longer holding time (Bach et al., 2017). Fig. 2 depicted
hat the effect of retention time was more pronounced on WE1 although it showed the highest thermal resistance on the
verage solid yield. The possible reason was that a longer duration was necessary for high thermal resistance material
ike WE1 to react, while fir required a shorter time to complete the whole reaction.

.1.2. Mixtures
The theoretical value, experimental value, and synergistic effect were listed in Table 1. The theoretical number was

alculated by the summation of the two materials with the specific mixing ratio under the specific retention time. For
nstance, the theoretical value for the solid yield of Fir: WE1 1:1 with 20 min duration was calculated using the following
quation (Lu et al., 2013):

Theoretical value = solid yieldFir20 × 0.5 + solid yieldWE20 × 0.5 (1)

Meanwhile, the synergistic effect (SE) was calculated according to the difference between theoretical and experimental
value:

SE =
experimental – theoretical

theoretical
× 100 (2)

Most of the mixture of fir and WE1 showed an antagonistic effect (negative value) in the solid yield, while the SE for
liquid yield for the same mixture showed a reverse trend in which most of them were positive values. On the other hand,
4
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Fig. 3. The proximate analysis of pure materials with three different torrefaction retention times.

Table 1
The synergistic effect (SE) on product yields of the tested mixtures after torrefaction with different retention times.
Mixtures Solid yield (%) Liquid yield (%) Gas yield (%)

Theo. Exp. SE (%) Theo. Exp. SE (%) Theo. Exp. SE (%)

Fir: WE1 (duration)
3:1 (20) 61.72 60.07 −3.02 28.25 29.55 4.60 10.03 10.38 3.49
3:1 (40) 57.13 56.30 −1.45 31.50 32.62 3.56 11.37 11.07 −2.64
3:1 (60) 50.41 50.64 −1.27 35.83 35.18 −1.81 13.75 14.18 3.13
1:1 (20) 69.77 63.28 −9.31 22.90 27.34 19.39 7.33 9.38 27.99
1:1 (40) 63.98 59.71 −6.67 26.48 30.10 13.67 9.54 10.19 6.80
1:1 (60) 57.13 57.05 −0.12 30.98 31.82 2.71 11.89 11.12 −6.48
1:3 (20) 77.60 76.86 −0.96 18.08 18.07 −0.06 4.32 5.07 17.56
1:3 (40) 70.83 72.08 1.77 22.01 22.07 0.27 7.16 5.84 −18.36
1:3 (60) 62.96 64.77 2.87 26.81 24.79 −7.53 10.23 10.44 2.07

ir: WE2(duration)
3:1 (20) 58.38 54.12 −7.30 30.60 31.52 3.01 11.02 14.36 30.31
3:1 (40) 54.08 51.09 −5.53 34.08 32.19 −5.55 11.84 16.72 41.27
3:1 (60) 48.92 50.21 2.64 37.56 34.03 −9.39 13.52 15.76 16.55
1:1 (20) 62.66 60.68 −3.15 28.65 25.28 −11.78 8.69 14.04 61.56
1:1 (40) 57.87 58.78 1.58 32.75 29.44 −10.13 9.38 11.78 25.65
1:1 (60) 52.38 55.12 5.24 35.79 31.25 −12.68 11.83 13.63 15.17
1:3 (20) 66.93 64.05 −4.30 26.71 29.01 8.60 6.36 6.94 9.11
1:3 (40) 61.67 62.64 1.58 31.42 30.50 −2.94 6.91 6.86 −0.75
1:3 (60) 55.84 59.20 6.02 34.02 33.07 −2.78 10.14 7.73 −23.80

the SE for the mixtures of fir and WE2 displayed more positive values in the solid yield compared to those of fir and WE1;
the SE for the liquid yield also showed an inverse trend to the fir and WE1 counterparts. As for the duration, the mixtures
of fir and WE1 as well as fir and WE2 showed a similar trend where the SE value gradually increased with increasing
duration. Accordingly, it was summarized that a shorter duration (20 min) resulted in a more antagonistic effect, whereas
a longer one (60 min) led to a more synergistic effect.

There were two important interaction reactions between fir and intermediate waste epoxy resins. One was the catalytic
ffect and the other the blocking effect. The former was due to the presence of sodium chloride in the intermediate wastes.
t was one of the catalysts used in the production process of epoxy resins. Sodium is well-known for its catalytic ability in
ncreasing liquid products after torrefaction (Khazraie Shoulaifar et al., 2016; Mazaheri et al., 2013). Consequently, even
hough the retention time was short, the sodium was still able to accelerate the reaction rate. This resulted in an increase
n volatile matter emission with lower solid yield, as shown in Table 1. Nevertheless, the catalyst could only accelerate the
eaction rate without affecting the original reaction pathway. If the retention time increased, the reaction would become
ore complete and mitigate the antagonistic effect (catalytic effect).
5
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Fig. 4. The (a) enhancement of HHV and (b) energy yield of the biochars from three pure materials after torrefaction treatment.

Thereafter, the other interaction between fir and waste epoxy resin, namely, the blocking effect, became more

dominant. The blocking effect from the inert material would block the active sites of volatile matter emission and

subsequently increase the solid yield (Darmstadt et al., 2001). That could explain the discovery of a more synergistic

effect in the solid yield of the mixture of fir and WE2. It stemmed from the density difference between WE1 and WE2.

WE2 had a much lower density compared to WE1. For the same weight ratio, the volume of WE2 was around double of

WE1. As a result, the blocking effect was more pronounced for WE2 compared to WE1.
6
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Table 2
The synergistic effect (SE) on proximate analysis of the tested mixtures biochar after torrefaction with different retention times.
Mixtures Moisture Ash VM FC

Exp. Exp. Theo. Exp. SE (%) Theo. Exp. SE (%)

Fir: WE1 (duration)
3:1 (20) 3.06 5.94 58.83 56.55 −3.88 32.95 32.47 −1.47
3:1 (40) 1.98 8.16 56.55 55.14 −2.49 34.58 33.70 −2.56
3:1 (60) 1.92 10.38 52.83 51.87 −1.82 38.28 35.83 −6.40
1:1 (20) 3.00 15.09 54.30 52.23 −3.81 31.25 31.56 0.99
1:1 (40) 2.04 18.09 52.28 50.79 −2.85 32.91 31.21 −5.17
1:1 (60) 1.92 19.61 48.74 48.08 −1.36 36.40 32.35 −11.13
1:3 (20) 3.92 17.14 49.76 49.82 0.11 29.55 29.12 −1.47
1:3 (40) 2.91 19.59 48.02 48.03 0.02 31.23 29.47 −5.66
1:3 (60) 2.11 20.59 44.65 45.25 1.34 34.52 32.05 −7.16

ir: WE2 (duration)
3:1 (20) 2.91 4.00 65.27 64.06 −1.86 29.67 29.03 −2.17
3:1 (40) 2.70 3.77 63.09 61.92 −1.86 30.95 31.61 2.11
3:1 (60) 2.00 4.04 59.81 59.19 −1.04 34.12 34.77 1.90
1:1 (20) 3.64 5.00 67.17 66.86 −0.46 24.69 24.50 −0.79
1:1 (40) 2.75 5.77 65.37 65.16 −0.33 25.65 26.32 2.64
1:1 (60) 2.06 6.38 62.70 63.16 0.72 28.08 28.40 1.13
1:3 (20) 3.96 6.93 69.08 68.46 −0.89 19.71 19.37 −1.74
1:3 (40) 2.88 7.34 67.66 68.27 0.90 20.34 20.59 1.22
1:3 (60) 1.87 7.69 65.60 66.28 1.04 22.04 23.20 5.23

3.2. Proximate analysis

3.2.1. Individual materials
Fig. 3 depicted that, for all the materials, the moisture content was clearly diminished after torrefaction treatment,

ttributing to torrefied biomass becoming more hydrophobic (Chen et al., 2018). The ash content magnified after
orrefaction because of the deduction of the total weight of biomass, whereas the FC content increased ascribing to the
educed VM content. A similar result was also reported by a previous paper (Lu and Chen, 2013). The carbonization level
as in the order of Fir > WE2 > WE1 after torrefaction in that the FC content increased by the factors of 288%, 218%,
nd 139% for Fir, WE2, and WE1, respectively. The dominant molecular structure of WE1 was cross-linked aromatic rings,
hile WE2 was a long straight chain structure. Although both of them contained aromatic rings, a higher cross-linked
tructure usually exhibited higher thermal resistance (Sher et al., 2020).
For the effect of duration, it was only statistically significant on the FC and VM but not for moisture and ash content.

ased on the data shown in Fig. 3, the p-values of FC and VM were calculated to be lower than 0.05, whereas the p-values
f the moisture and ash contents were higher than 0.05, investigated by t-test at α = 0.05. Consequently, the duration did

play a significant role in increasing the FC content inside of biochar, although the increment was not very huge (Sadaka
and Negi, 2009). On the contrary, the VM content declined with a longer duration. When more VM content was liberated
away due to longer retention time, the solid yield dropped correspondingly (Fig. 2) (Babinszki et al., 2020).

3.2.2. Mixtures
The theoretical and experimental values of proximate analysis were tabulated in Table 2 in which the SE values of

VM and FC were calculated. The inert property for moisture and ash contents should have negligible interaction in this
reaction, so their SE values were not determined. From the ANOVA test, the influence of duration and mixing ratio on the
VM and FC contents were proven to be significant (both p-value < 0.05). It was discovered that most of the VM content in
the fir and WE1 mixture presented an antagonistic effect. That implied more VM was liberated during torrefaction than
the theoretical values, which might be assigned to the effect of catalyst.

The antagonistic effect on the VM content decreased and even became a synergistic effect when the duration was
enlarged. This was consistent with the previous explanation. The catalytic effect would be mitigated when the reaction
progressed to the end-stage. At this moment, the other interaction effect (blocking effect) would become more dominant.
When the mixing proportion of waste epoxy resins was increased, the blocking effect was more prominent. The mixing
ratio of 1:3 presented a more pronounced synergistic effect on VM content, as shown in Table 2. The trend of FC was
inversely proportional to the trend of VM. That is, if the VM content decreased, the FC content magnified, and vice versa.

3.3. Enhancement of HHV and energy yield

3.3.1. Individual materials
The enhancement in HHV after torrefaction for the individual materials are shown in Fig. 4a. It clearly displayed that

the torrefaction effect was more drastic on fir compared to waste epoxy resins. During torrefaction, the majority of the
hemicelluloses would be destroyed and liberated away from biomass (Ong et al., 2020), whereas the remained cellulose
7
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Table 3
The synergistic effect (SE) on energy yields of the tested mixtures after 20-min torrefaction with different mixing ratios.
Mixtures Solid yield (%) Enhancement of HHV Energy yield (%)

Theo. Exp. SE (%) Theo. Exp. SE (%) Theo. Exp. SE (%)

Fir:WE1 3:1 61.94 60.07 −3.02 1.31 1.32 0.48 81.27 79.20 −2.55
Fir:WE1 1:1 69.77 63.28 −9.31 1.21 1.24 2.33 84.34 78.27 −7.20
Fir:WE1 1:3 77.60 76.86 −0.96 1.11 1.12 0.21 86.44 85.79 −0.75
Fir:WE2 3:1 58.38 54.12 −7.30 1.31 1.31 −0.21 76.76 71.01 −7.49
Fir:WE2 1:1 62.66 60.68 −3.15 1.22 1.22 0.07 76.40 74.04 −3.09
Fir:WE2 1:3 66.93 64.05 −4.30 1.14 1.13 −0.17 76.04 72.65 −4.46

and lignin would pose higher HHVs in the torrefied biomass., rendering an increase in the energy density of the biofuel
after torrefaction (Chen et al., 2015c). On the other hand, the higher heat resistance property of epoxy resin inhibited the
influence of torrefaction (Chen et al., 2020a). The main gap in HHV enhancement is between 20 and 40 min for WE1, while
it is between 40 and 60 min for WE2. The possible reason is that the VM content in WE1 has lower thermal resistance
than the one in WE2. Consequently, the VM in WE1 can liberate within a shorter retention time (40 min), rendering the
carbonization effect. On the contrary, the VM in WE2 with greater thermal resistance requires a longer retention time (60
min) to achieve carbonization. The impact of duration on intensifying HHV was more conspicuous for waste epoxy resins
compared to fir. The enhancement of HHV increased by about 3% for fir, while for waste epoxy resins, the enhancement
was almost doubled for duration increased from 20 to 60 min.

The energy yield was calculated by multiplying the solid yield and the enhancement of HHV (Chen et al., 2014). For the
nergy yields of three materials (Fig. 4b), fir and WE2 were similar (around 70%) while the average energy yield for WE1
as more than 80%. With increasing duration, the energy yield decreased and similar results were reported in a previous
tudy (Bach et al., 2017). This implied, in turn, that the enhancement of HHV was not able to compensate for the higher
oss of the solid yield in the feedstock. Consequently, the following results on the mixtures with different blending ratios
ould be tested only for 20 min duration due to the highest energy yield.

.3.2. Mixtures
The SE on the enhancement of HHV and energy yields for the mixtures with different blending ratios were listed in

able 3. Most of the SE were either antagonistic or slightly higher than zero, while the highest synergistic value was
.33%. Based on the mixing ratio effect, the blending ratio of 1:1 would allow fir to react with waste epoxy resin in an
qual chance, whereas the other blending ratios were not balanced. As a result, the mixing ratio of 1:1 might trigger
ore interaction between fir and waste epoxy resin that led to the higher SE value. That is, the synergistic/antagonistic
erformance was different between 1:1 and 3:1 or 1:3. Similar results were also obtained by Wu and Qiu (2014). They
eported that co-pyrolysis between fir and waste PCBs would produce more brominated aromatic compounds at the
lending ratios 1:4 (14.84 wt%) and 4:1 (10.96 wt%) compared to 1:1 (7.98 wt%). The brominated aromatic compounds
ere well-known as a flame retardant (John Kennedy et al., 2015). The corresponding SE for the FC content was also in
he same trend. For 20 min duration, the SE of the FC content at Fir: WE1 = 1:1 was 0.99, whereas the other two mixing
atios demonstrated negative values. The same observation also applied to the case between Fir and WE2 where the SE
f the blending ratio of 1:1 had the highest value among all the three mixing ratios.
However, for the mixture between fir and WE1, the SE of the energy yield for at 1: 1 blending ratio was the lowest. This

as due to the higher antagonistic effect exerted on the solid yield at the ratio. The synergistic effect of the enhancement
f HHV allowed the corresponding solid yield to decrease (VM vaporization), so the energy density was condensed (Chen
t al., 2015c). On the contrary, for the mixtures of fir and WE2, the SE presented the highest values in both the solid
ield and the enhancement of HHV at 1:1 mixing ratio. This was primarily attributed to the contents inside WE2 which
ossessed higher HHV. Consequently, the higher solid loss also resulted in HHV decline. The HHV of WE2 (23.6 MJ/kg)
as higher than that of WE1 (21.3 MJ/kg). The variation of SE for the enhancement of HHV was almost similar to the
olid yield, as evidenced by this point. Compared to the enhancement of HHV, the solid yield exhibited a larger change
y approximately one order of magnitude. Therefore, from the data of the energy yield, the synergistic effect on the
nhancement of HHV was less significant compared to the antagonistic effect on the solid yield; which means, the energy
ield of the products would be highly dependent on the corresponding solid yield.

.4. Elemental analysis

.4.1. Individual materials
Fig. 5 demonstrated that the carbon content increased with the reduction of the other elements after torrefaction,

egardless of materials, due to the carbonization effect. Past studies have also illustrated the same tendency (Chen et al.,
012). As described earlier, the carbonization effect on the feedstock was in the order of Fir > WE2 > WE1. The increment
f carbon content was around 29% for fir, 7.7% for WE2, and 4.0% for WE1. Since carbon is the main source of heat energy
f biofuels, the corresponding enhancement of HHV also presented a similar trend. Consequently, although raw fir has the
8
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Fig. 5. The elemental analysis of torrefied biomass from three pure materials.

lowest HHV (17.9 MJ/kg) among all the materials, it recorded the highest HHV (averagely 25.8 MJ/kg) after torrefaction
treatment (22.8 MJ/kg for WE1 and 25.5 MJ/kg for WE2 in average). Hydrogen and oxygen contents also diminished to
a greater extent for fir compared to waste epoxy resins. That would further intensify the energy density and provide
the highest enhancement of HHV for the fir. Nitrogen and sulfur contents were also reduced after torrefaction. This was
beneficial to the environment since NOx and SOx might be emitted during combustion in the biofuel (Jafarinejad, 2016;
Shimokuri et al., 2015), respectively.

Both H/C and O/C ratios shown in Fig. 6 descended after torrefaction, which rendered the products to be closer to the
properties of coal (Chen et al., 2012). The average of H/C ratio dropped from 1.56 to 0.93, 1.11 to 0.86, and 1.38 to 1.13
for fir, WE1, and WE2, respectively, revealing that the effect of torrefaction was more conspicuous on fir than on waste
epoxy resins. The same trend was also observed in the O/C ratio. While the O/C ratio went down for almost half for fir,
the reduction extents of the two waste epoxy resins were within 10% only. For the effect of duration on the two ratios,
the ANOVA test suggested that the effect was statistically significant on the H/C ratio (p-value <0.05) but not on the O/C
ratio (p-value>0.05). From the elemental analysis (Fig. 5), the variation of carbon and oxygen contents of fir was not large
by increasing the duration, but it was significant for hydrogen (Fig. 5b, d, and f). From the ANOVA test, the difference
between the fir and waste epoxy resins was also greatly significant (p-value < 0.005) for both the H/C and O/C ratios.

3.4.2. Mixtures
The theoretical and experimental values of the H/C and O/C ratios were plotted in Fig. 7. It revealed an antagonistic

effect on all the O/C ratios, regardless of WE1, WE2, and different mixing ratios. From the result of the one-tail student
9
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Fig. 6. Atomic H/C and O/C ratios of three pure materials undergoing torrefaction treatment with different retention time (RT).

Fig. 7. Theoretical and experimental values of atomic H/C and O/C ratios for the six mixtures with different blending ratios.

t-test, the difference between the theoretical and experimental value was statistically significant (p-value < 0.05) in terms
f the O/C ratio. While all the carbon contents presented a synergistic effect, irrespective of mixing ratio and materials, all
he oxygen contents showed an antagonistic effect (results not shown). Thus, the important difference between theoretical
nd experimental O/C ratio could be well-explained.
On the other hand, the difference of the H/C ratio between theoretical and experimental value was statistically

ignificant for the mixtures of WE2 and fir (p-value < 0.05) but not for WE1 and fir (p-value > 0.05). When looking into
he SE for carbon and hydrogen contents, the extent for carbon (mean 4.02%) and hydrogen (mean 2.84%) contents are
imilar for WE1 and fir mixtures. On the contrary, WE2 and fir mixtures displayed a huge difference between the SE
or carbon (mean 3.06%) and for hydrogen (mean 0.0029%). As a result, the significance of SE for the H/C ratio had the
pposite performance in the two mixtures due to the different thermal resistance for WE1 and WE2.
10
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Fig. 8. FTIR spectra of raw and torrefied (a) fir, (b) WE1, and (c) WE2 with different torrefaction durations.

.5. FTIR spectrum

The FTIR spectra of fir in Fig. 8a showed that most of the chemical bonding was diminished after torrefaction
reatment. The peaks during 1020–1150 cm−1 represented the C–O bonds for alcohol. During torrefaction, they gradually
ecreased together with other volatile matters (Farooq et al., 2018). Other chemical bonds such as phenolic compounds
1160–1270 cm−1), C–H bond for alkanes (1350–1480 cm−1), aromatic rings (1460–1510 cm−1), C=C bond for alkenes
(1620–1680 cm−1), C=O for carbonyl groups (1650–1800 cm−1), C–H bond for alkanes (2850–3000 cm−1), and O–H bond
for alcohols and phenols (3200–3600 cm−1) (Table S1) shown in raw fir were all decreased with increasing retention
time.
11
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Fig. 9. FTIR spectra of the mixtures of (a) fir and WE1 and (b) fir and WE2 at different mixing ratios.

The chemical bonding in WE1 and WE2 were very similar in that the peaks built on almost the same wavenumbers
n the spectra in Fig. 8b and c. However, several chemicals were more significant such as the C–Cl, phenolic compounds,
romatic rings, and O–H bonds for WE1. Sodium chloride is one of the major catalysts used in the production of epoxy
esin and thus will usually be present in the intermediates (Chen et al., 2020b). In addition, since WE1 is a phenolic epoxy
esin, there should be more phenolic compounds and O–H bonds in WE1 than WE2, as shown in Fig. 8. Furthermore, as
entioned earlier, WE1 possessed higher heat resistance property because of its cross-linked aromatic rings. This was
roven by the FTIR results which shown higher aromatic ring contents compared to WE2. The performance of waste
poxy resin with varying durations was similar to fir. All the chemical bonds were gradually diminished with increasing
uration. The torrefaction demonstrated a higher impact on fir rather than on WE1 or WE2. Consequently, there are many
ther peaks remained in the FTIR spectra for torrefied waste epoxy resin but not for fir, even after 60-min torrefaction.
The FTIR spectra of 20-min torrefied mixtures were exhibited in Fig. 9. The SE for each wavenumber was conducted

ut all of the values were lower than 2.2%. The difference between theoretical and experimental was not statistically
ignificant as judged by the t-test as well. Therefore, the theoretical lines were not reported here. Generally, all the peaks
ere in the right tendency. In other words, the values were logically laid between fir and intermediate waste epoxy
12
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c

Fig. 10. Profiles of total energy yield 1 and its enhancement of biochar and liquid products from three individual materials through torrefaction
with three different retention times. (bar: energy yield (%), and line: enhancement (%)).

resins. The other important observation was that co-torrefaction could render the quality of the products to be more
homogeneous. Irrespective of materials and mixing ratios, the six mixtures presented here exhibited very similar FTIR
spectra, regardless of the quality or quantity. That would benefit the product application as biofuels since it would be
very hard to control the combustion parameters if the properties of fuels were not uniform.

3.6. Bio-oil

3.6.1. Energy yield—liquid product
Even though the main product after torrefaction was biochar, the bio-oil was also an added-value product since it

ould be used for energy application. The total energy yield, including biochar and bio-oil, was calculated as follows

Total energy yield 1 =
HHV of biochar × solid yield + HHV of bio-oil × liquid yield

HHV of raw material
(3)

The profiles of the total energy yield and the enhancement of bio-oil were shown in Fig. 10. The HHV of bio-oil
was analyzed after homogenized the liquid product and sampled through the middle point. It demonstrated that the
energy yield was improved, especially for fir where the improvement was between 15.8 and 31.8%. Due to the lower heat
resistance, most of the structure inside the fir was disintegrate and became liquid products (Chen et al., 2020a). If these
liquid products could be upgraded for energy application, the energy yield of fir would be the highest. The enhancement
values of waste epoxy resins were relatively lower since most of the energy remained in the solid product due to their
high heat resistance. All the enhancement values ascended with increasing duration. That was due to the longer time
for feedstock to receive heat which led to more energy loss following the liberated volatile matters (Bach et al., 2017).
Fig. S1a illustrated that the color of liquid products became darker with increasing duration due to the deposition of
more compounds with higher heating value. The color of the liquid product from fir was the darkest, so its heating value
was superior to those of the waste epoxy resins. This led to the highest improvement for fir on total energy yield after
torrefaction. In order to analyze the bio-oil in detail, Fir 20, Fir 40, Fir 60, WE1 60, and WE2 60 were chosen for further
analysis due to their significant improvement (>10% enhancement).

3.6.2. Energy yield—oil and tar
The liquid products from torrefaction could be divided into two parts, namely, oil and tar. To enable the separation

of the oil from tar, these liquid products were kept stationary on the rack for over three days (Fig. S1b). Thereafter, it
was observed that the tar was separated from the oil to form two phases as all the tar had sedimented. Both the tar and
oil were weighed and their HHVs were measured separately with pipettes. Thereafter, the liquid yield could be further
partitioned into oil and tar yields which were depicted in Fig. 11, as well as their corresponding HHVs.

Both oil and tar yields were found to be the lowest for WE1 because of its highest intrinsic heat resistance characteristic.
For fir, the total amount of liquid product was quite consistent within the three durations. However, a longer duration
would naturally result in more heavy contents (tar) transforming into light contents (oil). Consequently, the oil yield
gradually increased while the tar yield decreased with ascending duration. The HHVs of produced tars (Fig. 11b) were
13
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A

Fig. 11. Profiles of HHV and yield of (a) oil and (b) tar. (bar: HHV (kJ/kg), and line: Yield (%)).

higher than those of the oils (Fig. 11a). Most of the tars contained heavier compounds with high energy density compared
to the liquid oils. Moreover, the water content would mainly be retained in the oil phase and thereby reduced its HHV
(Chen et al., 2015b). The water content in oil produced from WE2 (∼90%) was greater than from WE1 (∼70%) judged by
STM D4928. This could be explained by the higher moisture content in WE2 than in WE1, as seen in Fig. 3.
Based on the data in Fig. 11, a new total energy yield formula was developed as presented below:

Total energy yield 2 =
HHV of biochar × solid yield + HHV of oil × oil yield + HHV of tar × tar yield

HHV of raw material
(4)

Unfortunately, all the enhancement rates decreased albeit the calculation was closer to the real situation (Fig. 12).
The enhancement diminished by approximately 0.5, 0.9, 2, 4.5, and 7.1% for Fir 20, Fir 40, Fir 60, WE1 60, and WE2 60,
respectively. This was due to the overestimation by Eq. (3) of the total energy yield. The HHV of the liquid product from
Eq. (3) was determined after homogenized the liquid sample. Using the mixed solution to represent the overall HHV might
not be accurate since tars would exist in the whole liquid space after homogenized. The results clearly showed that tar
was the main energy source (Fig. 11b) for the liquid product, although the yield was dominated by the liquid oil. As a
result, most of the liquids were oil with lower HHV. Furthermore, it could be concluded that the two equations would be
14
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Fig. 12. The total energy yield 2 and its enhancement of biochar + oil + tar under the torrefaction temperature of 300 ◦C. (bar: energy yield (%),
and line: Enhancement (%)).

Fig. 13. The enhancement of HHV of the biochar after tar improvement.

lmost equal if the tar yield was high or the HHV for oil and tar were similar to each other. These would reduce the total
nergy yield disparity before and after quiescence.

.6.3. Improved biochar
Although tar was regarded as the main energy source in the liquid product, many experimental studies in the literature

reated it as an unwanted byproduct of torrefaction (Fan et al., 2020; Huang et al., 2019). Tar was easier to choke the
acilities or pipes (Prins et al., 2006). That was attributed to its high viscosity since it contained a lot of heavy chemicals.
n the contrary, oil did not possess high HHV but it was relatively more convenient to be used in real applications with
ess viscosity (Chih et al., 2020; Mwangi et al., 2014). Nonetheless, it was a pity to discard tar as a waste since it had
nherently higher HHV compared to oil.

In view of the sustainability and circular economy concept, a method had been devised to reuse tar to coat onto biochar
hich could further improve the biochar’s HHV. Due to the amount limitation, 0.5 mL tar controlled by pipette was added
15
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into a corresponding 0.5 g biochar. After evenly stirring, the improved biochar was put in the oven at a temperature of
105 ◦C for at least 12 h, so the dry basis would be the same as raw biochar for HHV measurement. From the FTIR spectra
in Fig. S2, the tar was successfully coated onto the biochar as the improved biochar had several distinctive peaks which
were only shown in the tar spectrum. Fig. 13 displayed the enhancement of HHV before and after the tar improvement.
It was very obvious that the effect of the tar coating was pronounced. The t-test also confirmed that the improvement
was statistically significant (p-value < 0.05). The order of improved ratio was Fir 60 > WE2 60 > Fir 40 > WE1 60 > Fir 20
and that was the same as the order of HHV of tar. The coating process should be uniform for all the samples so that these
two orders were the same. Furthermore, the porosity of biochar was larger than the raw biomass, which benefited the
adsorption of tar (Chen et al., 2012). As a whole, the method of reusing tar for the HHV improvement of biochar was a
feasible method which not only removed the unwanted byproduct but also treated it as a useful additive and synchronized
with the waste-to-energy vision.

4. Conclusions

Co-torrefaction of fir and two kinds of intermediate waste epoxy resins were investigated by a batch type reactor. Both
the synergistic and antagonistic effects were discovered during the experiments. Generally, the catalyst impact caused by
the sodium content in the waste epoxy resins would be dominant when the retention time was short and increased the
volatile matter liberation. On the other hand, the blocking effect would take over in the case of longer retention time. For
elemental analysis, all the carbon content presented a synergistic phenomenon while the oxygen content displayed an
antagonistic effect irrespective of the materials. That resulted in a great antagonistic effect in the O/C ratio. The interaction
reaction between fir and intermediate waste epoxy resins for the H/C ratio was not necessarily depending on WE1 or WE2.
Overall, a short duration was more promising in terms of energy yield. Furthermore, the energy yield could be further
improved if the liquid product from the torrefaction process was separated and recycled properly for biochar burning.
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