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via torrefaction of food waste as feedstock
for steam gasification to produce hydrogen rich
gas
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Abstract

In this study, the torrefaction of food waste was carried out using a thermogravimetric analyzer (TGA) to produce
biochar and assess its suitability as feedstock for steam gasification. Torrefaction was conducted at temperature

from 230 to 290 °C and the heating rate from 10 °C/min to 30 °C/min. Subsequently, the detailed characterization

was conducted using proximate, elemental, lignocellulosic, nutrient analysis, and TGA analysis. The proximate and ele-
mental analysis showed that biochar had the highest fixed and elemental carbon at the highest temperature (290 °C)
and lowest heating rate (10 °C/min). Similarly, TGA indicated that increase in temperature increased the mass loss,
however, increase in heating rate did not yield much change in mass loss. Additionally, lignocellulosic and nutrient
analysis showed that lignin fraction increased (up to 80%) with increases in severity of the torrefaction due to signifi-
cant decomposition of hemicellulose, cellulose, starch, proteins, and lipids. Thereafter, the kinetic parameters (activa-
tion energy, pre-exponential factor) of torrefaction of food waste were determined using the two-step decomposition
model which showed a good fit with experimental data. Finally, the biochar developed was used for energy produc-
tion using steam gasification which produced syngas with maximum yield of 3.75 m®/Kg and having hydrogen frac-
tion of around 65% at the optimal conditions (temperature: 290 °C, heating rate: 10 °C/min).

Highlights

- Biochar was developed from food waste using torrefaction.

« Biochar was characterized using various physico-chemical analysis along with kinetic study.
- Steam gasification of biochar generated high quality syngas with 65% H, fraction.

Keywords Food waste, Kinetics, Thermogravimetric analyzer (TGA), Characterization, Decomposition, Steam
gasification
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1 Introduction

India is one of the fastest growing economy of the world,
and has immense energy requirement which cannot be
fulfilled only by the fossil-based energy. It must look for
other sources of energy including bio-energy that can
be produced in three forms: solid (biochar), liquid (bio-
oil), and gases (syngas). Among all the forms, production
of biochar is least energy intensive and can further be
used as feedstock for many other processes for produc-
ing energy including thermochemical processes such as
pyrolysis and gasification. Biochar can be derived from
various kinds of biomass and wastes including wood,
agri-residues, industrial waste, and municipal waste, and
in this paper, food waste, a kind of municipal waste, has
been used as feedstock for producing biochar. Food waste
is generated in large quantities from our households and
commercial places like restaurants, canteens, etc. and the
major fraction of it ends up in landfills as waste (Singh
and Singh 2020; Sinha and Tripathi 2021). Food waste
dumped in landfills continuously produces methane, a
potent greenhouse gas, due to being buried under other
waste and lack of oxygen.

Another common method of food waste manage-
ment is incineration which also produces another type
of greenhouse gas, carbon-di-oxide on combustion, con-
tributing to the total greenhouse emission by 6% glob-
ally (Pour and Makkawi 2021), which poses a serious
concern, given our current environmental condition.
Therefore, to deal with environmental issues, more envi-
ronment friendly methods need to be explored for food
waste management. Biochemical and thermochemical
methods are two such methods, however, thermochemi-
cal methods are more versatile, faster, and more effi-
cient as compared to biochemical methods (Yadav et al.
2023). Thermochemical methods include processes like
pyrolysis, and gasification. Pyrolysis is the heating of
the biomass in complete absence of air and gasification
is heating of biomass in presence of gasifying agents that
include air, oxygen, steam, CO, or combination of them
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(Canabarro et al. 2013). Performance of these thermo-
chemical processes strongly depends upon the quality
of biomass, however, food waste is not a typical biomass
and lacks quality in terms of many physico-chemical
properties such as very high moisture content, low mass
and energy density, low heating value, storage and trans-
portation issues, heterogeniety, and hygroscopicity, etc.
(Poudel et al. 2015).

To address such issues and improve the physical and
chemical characteristics of food waste, certain pretreat-
ment techniques need to be employed. Torrefaction is
one such technique for enhancing the physico-chem-
ical properties of raw food waste and converting it into
biochar. Torrefaction can be carried out between tem-
perature range of 200-300°C and residence time of
30-120 min (Poudel et al. 2015). Torrefaction increases
the mass density, energy density, and heating value of the
food waste, thereby improving its quality as feedstock for
other energy producing processes (Nam and Capareda
2015). Moreover, the decrease in moisture content
leads to a decrease in weight and provides better stabil-
ity against microbial degradation due to the improved
hydrophobic properties. The torrefied biomass or biochar
is a moderate density porous product (mass and energy
density) with lower mechanical strength, which improves
its grindability, which in turn helps in briquetting and its
storage and transportation (Chew and Doshi 2011).

Though, there are some studies on the torrefaction of
food waste (Poudel et al. 2015; Huang et al. 2020; Pahla et al.
2018), among which only one study, Poudel et al. (2015)
presented the kinetic parameters of food waste torrefac-
tion. It was noted in that study that they only considered
the torrefaction process up to the temperature of complete
moisture release (~ 150 °C), where they justified that their
aim was only to measure a rough estimate of activation
energy. However, in the present study, the temperature up
to 290 °C was used for torrefaction for determining more
accurate value of kinetic parameters. The kinetic study pre-
sented in this paper is based on a more realistic two-step
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mechanism proposed by Di-Blasi and Lanzetta (1997). This
two-step mechanism has been used for the kinetic study
of many other biomasses such as oil palm shell, mesocarp,
and empty fruit bunch (Chew et al. 2016) and was found
closely matched with the experimental results.

Finally, the biochar produced from torrefaction was used
as feedstock for energy production via steam gasification.
The high carbon content of biochar produced after torre-
faction of food waste would help produce high quality syn-
gas in terms of high hydrogen fraction.

2 Materials and methods

2.1 Sample preparation and characterization

Food waste was collected from the university dining halls
over a week and then sun dried and crushed in a ball mill
crusher to produce particle size greater than British Stand-
ard Sieve (BSS) 12 or 1.4 mm. Food waste samples were
characterized by proximate, elemental, ligno-cellulosic, and
nutrient analysis. The proximate analysis was conducted
following standard methods of ASTM D-3173-11, ASTM
D 3175-11, ASTM D-3174-11 to determine moisture, vol-
atile matter, and ash content, respectively. The fixed carbon
is calculated using the following Eq.
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other one is isothermal heating. The initial weight of
the sample was 5.9 mg and the sample was first heated
from 0 to 105 °C and then kept there for 10 min to
remove any moisture present in the sample. From 105
°C, the sample was heated to the desired temperature
of 230—290 °C. During the second stage of isothermal
heating, samples were held at the desired temperature
for one hour. The heating rate varied from 10 to 30 °C/
min and nitrogen gas was supplied to maintain an inert
atmosphere. The change in mass of food waste samples
with respect to time and temperature was recorded
by the software from TGA. Finally, the TGA and DTG
thermos-grams were plotted.

2.3 Decomposition kinetic model

As proposed by Di-Blasi and Lanzetta (1997), the two-
stage decomposition was considered for the torrefac-
tion of kitchen food waste. Two sets of parallel reactions
took place in which first stage reactions formed the reac-
tion intermediates and second stage reactions converted
intermediates in the final product, i.e., char, as given
below:

Fixed Carbon(%) = 100 — [Water content (%) + Volatile Matter (%) + Ash (%)]

Elemental analysis was done using Thermo Finnigan
Flash 1112 Series Elemental analyzer. The lignocellulosic
analysis was conducted using Tappi T222 om-02 stand-
ard method for lignin content, TM1 — A11 2001 standard
method for hemicellulose, and TM1 — A9 2001 method for
holocellulose content. Cellulose content was determined by
subtracting hemicellulose from hollocellulose content.

Nutrient analysis was conducted for finding the starch,
protein, and lipids content in the food waste sample. For
quantitative estimation of crude protein, AOAC (2001.11)
Official Method was used which is also known as Kjeldahl
method. The starch content was determined by two meth-
ods: (i) anthrone method and ii) phenol-sulphuric acid
method. The lipids were quantified using (AOAC 2003.05)
protocol with the help of organic solvents such as n-hexane
in the Soxhlet extraction apparatus.

The HHYV of the sample was also calculated using the fol-
lowing Eq. (Parikh et al. 2005):

Kp1 P1 o P2
AL' L 1)

B C
Kas Kac

A refers to food waste sample, B refers to the inter-
mediate product, and C refers to the char produced. P1
and P2 are volatile products from torrefaction. K,; and
K,p are the reaction rate constants for first stage devola-
tilization and charring whereas K, and Kg are the rate
constants for second stage devolatilization and charring.

If we assume first order reaction, the rate of reaction
can be written as follows:

d[A
M — —as + K1) @)
d[B]
= K4g[A] — (Kyp2 + Kpc)[B] 3)

HHV(M]/kg) = [(0.3536 * Fixed Carbon %)+(0.1559 * Volatile Matter %)—(0.0078 x Ash %)]

2.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) data of food waste
samples from Thermogravimetric analyzer (Mettler
Toldeo, USA) was obtained by temperature program-
ming with two stages, one is dynamic heating and the

d[C]
—— = Kpc[B 4
7 sc[B] (4)
[A], [B], and [C] refer to the concentration of A, B,
and C as products.
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All the rate constants used above are dependent on
activation energy and pre-exponential factor as the fol-
lowing relation:

_ Ei
ki = Aie” ®T

wherei=A, B, C, P1, P2.

On solving the Egs. 2, 3 and 4 by the method proposed
by Di Blasi and Lanzetta (1997), the global reaction rate
for first and second stage can be obtained as follows:

(mo — m) _

[t { G ] = e )
(m* — m) _ _

In [1 - {(WI*—WZC)}:| - kZ(t t*) (6)

m is the instantaneous mass, mo is the initial mass, mc is
the residual solid mass, and m* is the mass at the start of
the second stage, t* is the start time of the second stage and
k1 and k2 can be obtained by the slope of Egs. 5 and 6.

The vyield of volatiles and reaction constants can be
related as follows:

mpl = mo — m* = Ky1m0/K1 (7)
mp2 = m*x — mc = Kyym+* /K2 8)
K1 =Ky + Kap, K2 = Ky + Kpc 9)

K,;and K, can be determined from Eqs. 7 and 8 and
K, and Kg¢ can be obtained from Eq. 9. The activation
energy and frequency factor can be obtained from Arrhe-
nius plot by taking the log of both side and then plot In
(k) vs I/T in an excel sheet.

2.4 Experimental setup and procedure for torrefaction
and steam gasification

The torrefaction of food waste and steam gasification
of biochar developed in this study was conducted in
a downdraft fixed bed gasifier setup as shown in Fig. 1.
The setup has a feeding, reaction, separation, and clean-
ing system. The feed material (food waste for torrefaction
and biochar for gasification) was fed from feeding sys-
tem via hopper placed at the top of the reactor and the
gasifying agent (steam) (only for gasification) and carrier
gas (N,) (for both torrefaction and gasification) was fed
through sideways using a valve. The reactor was heated
to a desired temperature (torrefaction temperature range
was from 230 “C to 290 "C and gasification temperature
was 800 °C) by a furnace where torrefaction was carried
out for 30 min residence time and steam gasification was
carried out till the end of the production of hydrogen.
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The biochar was removed from the reactor after 30 min
residence time. For steam gasification, the gases exiting
the reactor passed through condenser where all the con-
densable gases got separated by gas liquid separator and
non-condensable gases passed through three impinger
bottles placed in ice filled bucket where tar and sus-
pended particulate matters (SPM) got removed. There-
after, gases passed through a ceramic filter where the
remaining SPM got separated out before going through a
wet gas flow meter where the gas flow rate was measured.
Finally, the gas samples were taken just before the con-
duct of the gas flow meter for gas composition analysis
which was performed using a gas chromatograph (GC).

3 Results and discussion

3.1 Characterization of raw food waste

Table 1 shows the results of proximate analysis in terms
of moisture content, volatile matter content, ash content,
and fixed carbon content in the food waste sample. It also
shows HHYV value of raw food waste. The raw food waste
had ~75% volatile matter that was close to volatile mat-
ters in typical biomass and ~15% fixed carbon that was
less than its content in typical biomass (>20%) (Yadav
et al. 2023). Less fixed carbon will generate less biochar
on thermochemical treatment, and thus provide less
carbon for gasification reactions. The value of fixed car-
bon content increases with torrefaction as torrefaction
removes moisture and releases many volatile compounds.

The elemental analysis presented in Table 1 shows a
very comparable fraction of carbon element (Chew et al.
2016), however it also had sizable fraction of oxygen
which is not much desired in any biomass as it leads to
higher combustion of carbonaceous compounds (Ada-
movics et al. 2018). Furthermore, there were few traces
of nitrogen in the MFW sample, which could result in
the production of harmful NOx during thermochemi-
cal treatment (Mansor et al. 2018). The HHV of the
food waste sample was found to be~17.02 MJ/Kg, very
close to the lower limit of the HHV range (18-21 MJ/
Kg) of typical biomass (Yadav et al. 2023). However, the
hydrogen and oxygen fractions reduced significantly on
torrefaction, thus increasing the food waste quality as
biomass.

Table 2 shows the percent composition of cellulose,
hemicellulose, and lignin along with the composition of
various nutrients in the food waste sample. The com-
bined percent composition of lignocellulosic compounds
was found to be around 49%, and the remaining 51%
consisted of moisture (7.14%), ash (2.55%), and vari-
ous nutrients (41.3%). The individual proportion of lig-
nocellulosic compounds in the food waste sample was
found to be 5.03% for hemicellulose, 26.20% for cellu-
lose, and 13.04% for lignin. The percent composition of
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Table 1 Proximate and ultimate analysis data of raw food waste
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Table 2 Lignocellulosic and nutrient data of raw food waste

Proximate Values (£7%) Ultimate analysis Values (+7%) Ligno-cellulosic Values(£5%) Nutrients Values (+7)
analysis components

Moisture (%) 7.14 Carbon (%) 46.2 Hemicellulose (%)  5.053 Crude protein (%) 12.15
Volatile matter (%)  75.28 Hydrogen (%) 6.5 Cellulose (%) 26.20 Starch (%) 4.13

Ash (%) 255 Oxygen (%) 404 Lignin (%) 15.04 Lipids (%) 25.02

Fixed carbon (%) 15.02 Nitrogen (%) 1.94

- - Sulphur (%) 496

hemicellulose in the food waste was quite less because it
got degraded significantly during the cooking of the food
as it was an easily degradable compound at even low tem-
peratures (<200 °C). Consecutively, its composition fell
below the recommended range of hemicellulose percent

composition in any biomass (20%-35%) (Abraham 2017).
However, the cellulose and lignin were present in signifi-
cant quantity in the food waste sample as in case of other
biomasses (Adamovics et al. 2018).

Table 2 also shows that food waste contained addi-
tional compounds such as 12.15% protein, 4.13% starch,
and 25.02% lipids. Proteins in a food waste sample mainly
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came from legumes, cereals, meats, and dairy products.
The starch content was 4.13%. The detailed analysis of
it was carried out using two revised methods (phenol-
sulphuric acid method and anthrone method) (Masuko
et al. 2005; Zhang et al. 2020), and both of these methods
determined the starch percentage in the same range of
values, i.e., (4.13+3.93) % and (4.11 +4.4) %, respectively.
Furthermore, Table 2 shows the presence of lipids that
include fats, oils, waxes, and vitamins in a significant
quantity (25%). These lipids can be extracted from food
waste via torrefaction and then can be converted into
biodiesel through trans-esterification or hydro-treated
esters and fatty acids (HEFA) (Chiaramonti et al. 2015).

3.2 Characterization of torrefied food waste

Table 3 shows data on characterization of torrefied food
waste that includes the variation of moisture content,
volatile matter content, ash content, and fixed carbon
content with torrefaction temperature and heating rates.
It can be noted from Table 3 that there was a significant
change in volatile matter content, ash content, and fixed
carbon content as the torrefaction temperature changed,
however, their content did not change much with the
change in heating rate. The volatile matter content in
torrefied food waste reduced to ~ 37% at the highest tor-
refaction temperature (290 °C) and highest heating rate
(30 °C/min) whereas the ash content and the fixed car-
bon content increased to 13.5% and 47.2%, respectively,
at the same torrefaction conditions. Volatile matter con-
tent reduced in torrefied food waste or biochar because
of devolatilization through the decomposition of hemi-
cellulose, cellulose, lipids, protein, and starch. Presence
of less volatile matter in a biochar sample will produce
less bio-oil from its pyrolysis because there will be less
amount of condensable present in the gas phase (Yadav
et al. 2023). Higher ash content facilitates the production
of more biochar and syngas because some components
in ash promote condensation reaction of bio-oil compo-
nents and some components of ash such as Na+, K+,
Ca+ +facilitate thermal cracking of larger and complex
molecules in bio-oil to produce smaller molecules which

Table 3 Proximate analysis date of torrefied food waste
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become part of gas phase, thus producing more syngas
(Dhyani and Bhaskar 2018).

Furthermore, higher fixed carbon content in biochar
facilitates the production of more syngas from steam
gasification of biochar because of the more occurrence of
water gas reaction between more biochar and steam that
produces more hydrogen and carbon mono oxide (Singh
and Yadav 2021). The residence time of gas phase in the
reactor as well as reactor temperature is an important
factor to decide the relative production of bio-oil and
syngas from pyrolysis and gasification of biochar. Heat-
ing rate is another factor and changing the heating rate
to 20 °C/min at a constant temperature influenced the
decomposition of food waste compounds to some extent,
however, when it further increased to 30 °C/min, it did
not change the analysis data much.

Table 4 shows the variation of elemental carbon, hydro-
gen, oxygen and nitrogen with different torrefaction
conditions. It can be noted that the elemental carbon
content did not change much when changing the tor-
refaction conditions as opposed to fixed carbon content
that changed significantly as seen in the previous table.
Additionally, it can be noticed that the fixed carbon con-
tent was less than elemental carbon at all the torrefaction
conditions. Both results can be attributed to the way ulti-
mate analysis is conducted where the carbon associated
with volatile matters was included in the ultimate analy-
sis. Furthermore, the change in elemental hydrogen was
significant when increasing the temperature to 290 °C at
the same heating rates. However, when the heating rate
was changed at the same temperature, not much change
was noticed in elemental hydrogen content in food waste.
The opposite was observed in case of elemental oxygen
whose content did not change much in response to varia-
tions in the temperature ae well as heating rates.

Table 5 shows the variation in lignocellulosic com-
position with various torrefaction conditions. It can
be noticed that hemicellulose was present in a very
small quantity even at the lowest torrefaction tempera-
ture because most of it got further decomposed (some
of it got decomposed during cooking) after thermal
treatment during torrefaction. It had been reduced to

Temperature

230 °C(+x5%) 260 °C(x5%) 290 °C(+x4%)
Heating rates (°C/min) 10 20 30 10 20 30 10 20 30
Moisture (%) 54 49 47 13 1.0 0.7 19 12 12
Volatile matter (%) 63.1 624 62.0 51.2 50 50.5 38.1 37.8 374
Ash (%) 6.5 7.1 6.9 10.0 10.0 11.5 12.0 12.7 135
Fixed carbon (%) 25 243 24.0 375 341 336 48.0 47.1 472
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Table 4 Ultimate analysis data of torrefied food waste

Temperature

230 °C (£ 6%) 260 °C(+5%) 290 °C(+5%)
Heating rates (°C/ 10 20 30 10 20 30 10 20 30
min)
C (%) 570 56.8 56.8 58.5 58.1 580 60 59.7 59.5
H (%) 6.2 59 58 53 53 5.1 3.6 34 34
0O (%) 33.0 328 328 32 31.7 31.6 315 31.1 31.0
N (%) 38 3.8 40 4.2 44 44 49 5.1 52
Table 5 Lignocellulosic and nutrient analysis date of torrefied food waste

Temperature
230 °C(+3%) 260 °C(+5%) 290 °C(+3%)

Heating rates (°C/min) 10 20 30 10 20 30 10 20 30
Hemi-cellulose (%) 0.15 0.12 0.12 0.1 0.1 0.1 0.1 0.1 0.1
Cellulose (%) 8 77 77 7 6.8 6.8 4 3.6 35
Lignin (%) 62.6 64.0 64.4 714 73.0 73.3 772 80.0 80.0
Crude protein (%) 550 55 54 3.0 2.8 2.8 0.8 0.6 0.6
Starch (%) 38 38 38 2.8 27 2.7 2.1 2.1 2.1
Lipids (%) 1.01 1.0 0.98 0.8 0.8 0.76 0.1 0.1 0.1

an almost negligible quantity as the temperature fur-
ther increased. Similarly, cellulose fraction in biochar
reduced significantly (to 8%) after torrefaction at the
lowest torrefaction temperature (230 °C) which did not
change much as the heating rate changed at the same
temperature. Generally, cellulose degradation started
only after 270 °C and peaked around 340 °C. However,
in this case, it started below 270 °C because cellulosic
bonds got weakened during cooking and got easily
broken at even the lowest of the torrefaction tempera-
ture. By increasing the torrefaction temperature and
heating rates, the cellulose composition was further
reduced to 3.5%.

Furthermore, the lignin percentage continuously
increased with the increasing severity of torrefaction
and reached up to 80%, also mainly due to significant
degradation of cellulose and hemicellulose and negli-
gible degradation of lignin, thus increasing the overall
lignin percentage in torrefied food waste. The pres-
ence of nutrients in the food waste sample was also
impacted by the torrefaction condition as evident in
the nutrient analysis presented in Table 5. It shows
that crude proteins and lipids got degraded completely
and starch was also degraded significantly (~50%)
when treated at the highest torrefaction temperature.

3.3 Thermogravimetric analysis
Figures 2 and 3 illustrate TGA and derivative thermo-
gravimetry DTG curve for the food waste decomposition
at three temperatures (230, 260, 290 °C) and three differ-
ent heating rates (10 °C/min, 20 °C/min, and 30 °C/min).
It can be noted that total mass loss curve for 10 °C/min
was different from that of the other two heating rates.
Mass loss curve or TGA curve at a higher heating rate of
20 °C/min was steeper than that at 10 °C/min, indicating
faster mass loss at higher heating rates. However, there
was not much change in mass loss curve between 20 °C/
min and 30 °C/min indicating not much mass loss as the
heating rate increased. Higher heating rates would not
give sufficient time for particular decomposition reac-
tion to take place, which was able to take place at slower
heating rates. Generally, 10 °C/min is considered to
be an optimal heating rate for biomass TGA as recom-
mended by international confederation of thermal analy-
sis and calorimetry (ICTAC) (Vyazovkin et al. 2011).
Additionally, mass loss curve changed significantly
with the respect to changes in temperature. TGA curves
shown in Fig. 2 (a)-(c) have three distinct zones: the first
zone corresponds to the loss of the moisture from the
food waste sample as well as the removal of some lipids,
whereas the second zone corresponds to degradation
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Fig. 2 TGA curve of MFW with the heating rate a 10 °C/min, b 20 °C/min and ¢ 30 °C/min

of hemicellulose and cellulose and the third zone cor-
responds to the steady stage that came after mass loss
up to the end of experiments. First zone represents the
first stage of model proposed by Di-Blasi and Lanzetta
(1997) and second and third zones represent the second
stage of Di-Blasi and Lanzetta’s (1997) model when most
of the chemical decomposition of food waste took place.
The co-ordinates for defining these zones were different
for different temperatures and heating rates. For exam-
ple, if we used 10 °C/min heating rate and 290 °C as the
heating rate and the temperature, the first zone ended at
around 26 minutes with 85% remaining mass and the sec-
ond zone ended around 38 minutes with ~58% remain-
ing mass followed by the third stage. Additionally, Fig. 2
shows that there was a shift of these zones towards the
left on a time scale on increasing the heating rate from
10 °C/min to 30 °C/min suggesting that higher heating
rates resulted in earlier mass loss. Furthermore, there
was an increase in mass loss when increasing the tor-
refaction temperature as indicated by the larger slop of

decomposition curve corresponding to both zones. For
the heating rate of 10 °C/min, the mass loss at an increas-
ing temperature from 230 °C to 290 °C was approximately
between 12-15% after the first zone and between 25-55%
after the second zone. Therefore, it can be concluded
that increasing the heating rate beyond 10 °C/min would
not help in increasing the decomposition of food waste,
however, increasing the temperature would increase the
decomposition of food waste. This conclusion is in coher-
ence with the recommendation of ICTAC.

Figure 3 shows the DTG curve of decomposition of
food waste indicating the rate of mass loss with time.
The curves shown for food waste torrefied at different
temperatures were quite different from each other for a
particular heating rate. The peak areas in DTG curve for
torrefaction at the low temperature of 230 °C with a low
heating rate (Fig. 3a) were broad and small indicating a
low rate of conversion or decomposition of food waste
sample. The early peaks were due to the removal of some
vegetable oils present in food waste. However, no peaks
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Fig. 3 DTG curve of MFW with heating rate a 10 ° C/min, b 20 °C/min and ¢ 30 °C/min

corresponding to the decomposition of lignocellulosic
compounds were observed at this temperature, which
was understandable as not much hemicellulose was pre-
sent in food waste (due to cooking) and cellulose decom-
posed only when the temperature was higher than 250
°C (Luangkiattikhun et al. 2008). Therefore, as the final
temperature increased, the decomposition of cellulose
became very obvious by a peak shown at around 30 min.
The same was observed even for a higher temperature of
290 °C. However, the peak area was larger at 290 °C sug-
gesting a higher rate of decomposition of cellulose at that
temperature.

Additionally, Fig. 3(b) and (c) show the rate of decom-
position at a higher heating rate of 20 °C/min and 30 °C/
min, respectively. It can be noted that the peaks corre-
sponding to cellulose decomposition shifted to the left-
hand side for a higher heating rate indicating the early

arrival of the torrefaction temperature. Additionally, the
area of the peaks was larger at the higher heating rate
indicating more decomposition of cellulose and nutri-
ents (starch, protein, and lipids) at a higher heating rate,
though the difference was slim for cellulose decompo-
sition rate at a higher heating rate and 290 °C. Further-
more, three zones can also be noticed in the DTG curve
corresponding to three zones in TGA. When the heating
rate was 10 °C/min, heating rate was low in the first 26
minutes (first zone) and then in the first to a high peak
value (4.3) followed by a decrease (second zone) to a sim-
ilar rate as in the first zone. Thereafter, the mass loss rate
stabilized after 38 minutes (third zone).

Figure 4 shows the change in mass yield with change in
torrefaction conditions as obtained from TGA data. The
highest mass yield (75%) was found for the mildest tor-
refaction conditions and the lowest mass yield (40%) was
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found at the highest torrefaction temperature of 290 °C
and medium heating rate of 20 °C/min. The highest mass
yield results can be attributed to the minimum devolatili-
zation of food waste at mildest torrefaction, due to which,
it would not lose much mass, hence would result in high
mass yield. The lowest mass yield can be attributed to the
maximum devolatilization at the corresponding condi-
tions. The 20 °C/min heating rate had a stronger effect
on devolatilization than that of 30 °C/min as discussed in
paragraph 3 of section 3.3).

3.4 Kinetic study parameters

The kinetic parameters for torrefaction of food waste
determined from this study are shown in Table 4. It can
be noticed that the activation energy for the torrefaction
of food waste was higher for the first stage than that for
the second stage which is understandable because a more
packed structure would have caused low reactivity of
food waste. After the first stage, the packing of the struc-
ture loosened after the release of moisture and some vola-
tiles and lowered the activation energy for further release
of volatiles and formation of torrefied bio-char during the
second stage. The overall activation energy for the first
stage was 65.1 kJ/mol and for the second stage, it was
48.3 kJ/mole for 10 °C/min heating rate and these values

Table 6 Kinetic parameters for MFW torrefaction
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are close to the values reported by Chew et al. (2016).
Additionally, both stages had two components of acti-
vation energy, the activation energy for devolatilization
and activation energy for the formation of char. It can be
noticed that the activation energy for devolatilization in
the second stage was quite low as compared to its value
in the first stage because of the loosening of the chemical
structure as explained above. The activation energy for
the first stage and second stages at 10 °C/min heating rate
were 98.2 k]/mol and 10.1 kJ/mol, respectively.

Furthermore, changes in the activation energy with
change in heating rate are also presented in Table 6. It
can be seen that overall activation energy reduced (from
65.1 to 59.8) with an increase in heating rate from 10 °C/
min to 30 °C/min, though the change was very small.
The same can be observed for the activation of differ-
ent stages. The activation energy of the food waste tor-
refaction was higher than the activation energy of Xylan
as reported by Di Blasi and Lanzetta (1997). The xylan is
hemicellulose and does not have a tightly packed crystal-
line structure as cellulose and thus it requires less energy
to decompose. The food waste sample used in this study
had a high percentage of cellulose (~26%), therefore, the
torrefaction of this food waste sample required much
higher activation energy than that for torrefaction of
Xylan. Table 6 also contains the values of the pre-expo-
nential factor. The pre-exponential values were higher
for first stage than that of second stage for all the heating
rates and by comparing these values for different heating
rates, it can be noticed that pre-exponential factor is has
a higher value for less heating rate.

Figure 5 shows the comparison between experimen-
tal data and data obtained from the proposed model for
a heating rate of 10 °C/min. It can be seen that the pro-
posed model fits well with the experimental data. The
coeflicient of determination was found to be 0.97 for this
fit. This study clearly shows that Di-Blasi and Lanzetta’s
(1997) model is the best to predict the most accurate
behaviour of food waste during torrefaction. Such kinetic
study will help better design the reactor after determining
process parameters such as heating rate and temperature.
Torrefaction is generally as a pre-step for studies on ther-
mochemical process such as pyrolysis and gasification.

Parameters Activation energy (kJ/mol) Pre-exponential factor

First stage Second stage First stage Second stage
Heating rate E, Ep Eang E, Ep» Egc A, A, Apg A, Ay, Agc
10 °C/min 65.1 98.2 76.7 48.3 10.1 459 15E+02 2.1E+09 37E+02 3.8E+00 2.0E-01 3.6E+00
20 °C/min 61.5 95.1 754 442 9.5 422 3.1E+01 1.1E+05 7.5E+02 41E+02 53E+00 9.1E+01
30 °C/min 59.8 94.2 751 421 9.1 39.8 3.5E+02 2.1E+00 1.7E+02 2.8E+00 4.0E-01 4.6E+00
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Fig. 5 TGA curve for experimental vs theoretical mass loss

3.5 Steam gasification of biochar

3.5.1 Syngas yield

Figure 6 shows the gas yield from the steam gasification
of biochar generated from torrefaction of food waste at
different torrefaction conditions.

Syngas yield increased with increase in torrefaction
temperature which can be attributed to more water gas
reaction due to more fixed carbon left in biochar after
torrefaction at a higher temperature. The torrefaction
at increasing temperature, when temperature increases,
causes more devolatilization which in turn leaves more
fixed carbon in the biochar sample. However, the more
devolatilization also results in release of gases and may
result in reducing the syngas yield, however syngas
production from steam gasification of fixed carbon left
after devolatilization offsets that loss and results in pro-
duction of more syngas. The highest syngas yield was

8888 Syn gas yield

Syn gas yield (mleg)

B 230 B 260
Fig. 6 Change in syngas yield with change in sample

found to be 3.75 m*/Kg for B 290 (biochar produced at
290 °C), much more than the syngas yield from torre-
faction of raw food waste sample.

3.5.2 Syngas composition and H, fraction

Figure 7 shows the change in syngas composition with
change in biochar sample used for steam gasification.
The hydrogen is the most desirable component in pro-
duce gas as it is a clean fuel. It can be noticed that the
lowest hydrogen fraction in syngas was found for raw
food waste sample and highest hydrogen fraction was
found for biochar sample torrefied at 290 °C (B290). The
lowest hydrogen fraction in syngas from steam gasifi-
cation of raw food waste was mainly due to the lowest
fixed carbon content in it. The main gasification reac-
tion, water gas shift reaction has carbon and steam as
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Fig. 7 Change in syngas composition with change in sample
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main reactants C+H;0— CO+H, and low fixed car-
bon content resulted in less occurrence of water gas
reaction, thus it produces less amount of hydrogen
(Seo et al. 2022). Additionally, devolatilization of raw
food waste at gasification temperature generates large
amount of non-condensable gases such as CH,, CO,
and CO, and decreases the fraction of hydrogen in pro-
duce gas, although CH, and CO undergo further reac-
tion via steam reforming reaction and water gas shift
reaction respectively to produce hydrogen (Valizadeh
et al. 2022). The fraction of CH, in produce gass depends
upon relative value of rate, where CH, is a product and
steam reforming reaction rate, where CH, is a reactant.
Similarly, CO fraction in product gas depends upon
relative value of water gas reaction rate and devolatili-
zation rate, where CO is a product and water gas shift
reaction, where CO is a reactant (Singh et al. 2020).

As the raw food waste sample was torrefied at 230 °C,
the biochar generated, B230 had more fixed carbon (25%)
than that in raw food waste (15%). The increase in the
fixed carbon content enhanced the hydrogen production
due to more occurrence of water gas shift between more
carbon and steam. Additionally, there’ll be less release
of non-condensable gases from B230 that forms part of
product gas as it has already gone through significant
devolatilization during torrefaction at 230 °C. Therefore,
more hydrogen production from water gas reaction and
less release of non-condensable gases via devolatilization
increased the hydrogen fraction in producing gas. As the
torrefaction temperature further increased, the B260 will
have more fixed carbon than that in raw food waste sam-
ple and B230, thus producing more hydrogen than that
from raw sample and B230. Release of non-condensable
gases will further be reduced during devolatilization of
B260 and contribute less to total gas production and
increase the contribution from products from water gas
reaction, i.e., H, and CO. However, the CO further gets
consumed by water gas shift reaction, thus its fraction is
less than the fraction of H,. Similarly, the hydrogen frac-
tion is more than that in raw sample, B230, and B260.

Additionally, Fig. 8 shows the variation of HHV of syngas
produced from steam gasification of food waste torrefied at
different conditions. The HHV of syngas generated from
steam gasification of food waste at 290 °C and 10 C/min is the
highest with heating value of 22.6 MJ/m®. The same conclu-
sion has been mentioned in the previous sections that 290 °C
and 10 °C/min are the optimal torrefaction conditions.

4 Conclusions

This study presented the detailed physico-chemical
analysis of raw as well as torrefied food waste using
proximate analysis, elemental analysis, lignocellulosic
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analysis and nutritional analysis. The torrefaction was
conducted in a TGA by varying the temperature (230-
290 °C) and heating rates (10-30 °C/min). It was noticed
that volatile matter reduced significantly to 37.4% and
fixed carbon increased significantly to 47.2% at the
highest torrefaction condition, a most desirable prop-
erty for steam gasification of biochar. It was also noticed
that hemicellulose, proteins, and lipids got almost
completely decomposed whereas cellulose and starch
decomposed significantly to 3.5% and 2.1%, respectively,
as the torrefaction conditions increased to the highest
severity. However, lignin did not exhibit much decom-
position and its content increased to 80% at the highest
torrefaction conditions. TGA and DTG curves clearly
indicated two zones of decomposition followed by
steady stage which can be considered as the third stage.
The increase in temperature resulted in more mass loss
thus producing the TGA curve with a higher slope.
Additionally, variation in heating rate resulted in shift-
ing of curves toward the left side, thus resulting in an
early finish of the total process. Additionally, the kinetic
study was conducted using TGA data in Di-Blasi and
Lazentta’s (1997) model, and kinetic parameters were
determined. The data generated following this model
showed a good fit with the experimental data with the
coefficient of determination of 0.97. Finally, the biochar
produced via torrefaction of food waste was used as
feedstock for steam gasification to produce syngas with
high hydrogen fraction. The highest hydrogen fraction
(~65%) was found for syngas with yield of 3.5 m?*/Kg
for biochar B290 generated at the optimal torrefaction
conditions.
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Abbreviations

TGA Therogravimetric Analyser

BSS British Standard Sieve

ASTM  American Society of Testing and Materials
AOAC  Association of Official Agricultural Chemists
GC Gas Chromotography

HHV High Heating Value

NOx Nitrogen Oxides

HEFA  Hydro-treated Esters and Fatty Acids

DTG Derivative Thermogravimetry
E Activation Energy
A Pre-exponential factor

B230 Biochar produced at 230 °C
B260 Biochar produced at 260 °C
B290 Biochar produced at 290 °C
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