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Abstract

Exhausted coffee residue (ECR) and coffee husk (CH) are potential feedstock for energy
production through thermochemical and biochemical conversion processes. Kinetic study of
ECR and CH is essential for the design and optimization of different thermochemical conversion
processes. In this study, four different iso-conversional methods were employed in the
estimation of the activation energy (Ea) and pre-exponential factor (A). The methods used
includes Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS), Kissinger’s method, and
the Friedman method. Data from the thermogravimetric/derivative thermogravimetric analysis
(TGA/DTG) at varying heating rates of 5-20°C/min in an inert environment were used in this
study. It was observed that the heating rate influences the pyrolysis parameters such as peak
temperature, maximum degradation rate and initial decomposition temperature. The activation
energy for ECR using the FWO method was in the range of 62.3-102.4 kJmol™. Likewise, the
KAS and Friedman methods yielded activation energy between 51.3-93.3 kimol™* and 10.6—-
122.7 kdmol, respectively. In addition, the activation energy calculated for CH using FWO,
KAS, and Friedman methods were shown to range from 39.1-140.6 kJmol*, 27.7-131.6 kJmol™
and 24.9-111.2 kJmol, respectively.
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1 INTRODUCTION

Coffee husk (CH) is the dried coffee skin that is left behind during coffee roasting, while
coffee pulp (CP) is obtained during the wet coffee processing.l! On the other hand, exhausted
coffee residue (ECR) is generated from the coffee brewing process through the production of
instant coffee with hot water. For every tonne (t) of fresh coffee consumed annually, about 0.18 t
of CH and 0.5 t of CP are generated. Additionally, the annual production of ECR is estimated at
six million tonnes worldwide.?! Reducing coffee by-products presents a severe environmental
challenge. On the other hand, the residues generated from the coffee industry could be utilized as
feedstocks for diverse applications. For instance, coffee residues can be used as feedstocks for
biofuels and biochemical production, as a fertilizer, dietary fibre, and for the production of
bioactive compounds.©!

With rapid industrialization and urbanization as a result of population growth, coupled with
decreasing fossil fuels reserve, there is an urgent demand to develop alternative and sustainable
energy sources. Renewable energy resources such as wind, biomass, and solar energy have some
advantages over fossil fuels in terms of their environmentally friendly nature. Unlike other
renewable energy resources, biomass can produce liquid and gaseous transportation fuels.™
Furthermore, biomass is widely available and a cheap source of renewable energy. Coffee
residues are examples of waste biomass that can be utilized to produce liquid transportation fuels
to minimize waste disposal issues and the environmental challenges associated with fossil fuel
consumption.

Pyrolysis of coffee residues can be used to produce green fuels and chemical. The process is
of interest for the following reasons. First, it can produce solid-residue (char), tar, aqueous phase
(aerosols or vapour) and non-condensable gas (syngas) from biomass feedstocks. Secondly, the
process is usually carried out in an inert environment (nitrogen or argon).®! Finally, the products
obtained from the pyrolysis process can be stored, transported and used as a substitute for
fossil-based energy sources.[®!

Since pyrolysis product yield and composition is highly dependent on the type and
composition of feedstock used together with the experimental conditions used in the degradation
process, it is imperative to understand the reaction pathway and degradation mechanisms.
Kinetic studies of biomass provide information about the reaction mechanisms and pathways.

Moreover, an in-depth understanding of the pyrolysis kinetics of biomass is essential for the



design and optimization of thermochemical conversion reactors.[®! Furthermore, kinetic analysis
is useful for mathematical modelling and the optimization of reaction conditions.[’? On the other
hand, thermodynamic parameter estimation provides valuable information for energy
calculations and process feasibility studies.

Although several studies have reported the pyrolysis kinetics of different agricultural
residues,®1 to the best of the authors' knowledge, there are limited data available for the
kinetics of ECR and CH. With that, the objective of this study is to investigate the thermal
degradation and pyrolysis kinetics of ECR and CH by using thermogravimetric/derivative
thermogravimetric analysis (TGA/DTG) analysis performed in an inert atmosphere. The iso-
conversional methods of the Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO),
Kissinger, and Friedman method were used to estimate the kinetics parameters. The activation
thermodynamic parameters, including the change in enthalpy (AH), Gibbs free energy (AG),
and entropy (AS), were also evaluated. To the best of the author’s knowledge, there are minimal
studies available that comprehensively evaluate the pyrolysis kinetics, thermal behaviour, and
thermodynamic analysis of ECR and CH. This study provides a basis for future optimization of

pyrolysis reactors and operating parameters.

2 MATERIALS AND METHOD
2.1 Biomass collection and preparation

ECR, together with CH, were used for TGA and evaluation of kinetic parameters. ECR
was collected from a local café in Saskatoon while CH was provided by Road Coffee Inc (SK,
Canada). The collected biomass samples were air-dried in an oven for 12+3 hours at 105 + 5°C.
To prevent the moisture adsorption of the feedstock, the dried samples were stored in an airtight
container for further analysis.
2.2 Proximate and ultimate analysis of biomass samples

The proximate analysis of the representative samples (ECR and CH) was carried out to
determine the amount of ash content (%), moisture content (%), fixed carbon content, and
volatile matter (VM%) by using the ASTM standards methods.[*2131124] The yltimate analysis of
ECR and CH indicates the amounts of carbon (C), hydrogen (H), sulphur (S), and nitrogen (N)
in the biomass samples. The ultimate analysis was measured by using a Vario EL 111 CHNS



elemental analyzer (Elementar Americas, Inc., Ronkonkoma, NY, USA). The oxygen amount
was evaluated as follows: (0% = 100-(C+H+N+S)).
2.3 Calorific Value

The theoretical higher heating value (HHV) of ECR and CH were determined following
Friedl’s formula as shown in Equation (1)1°!:

HHV (k] /kg) = (3.55 x C%) — (232 x C) — (2230 x H) + (51.2 x C x H) + (131 x N) +
20600 (1)

where the elemental compositions of C, H, and N are in wt.%

The experimental HHVs of ECR and CH were measured by using an oxygen bomb calorimeter
(Parr 6400 Calorimeter, IL, USA).
2.4 Sample preparation for Fourier transform mid-infrared spectroscopy analysis

In order to prepare the homogenized ECR and CH samples for Fourier transform mid-
infrared spectroscopy (FT-MIR) analysis, the samples were diluted with potassium bromide
(KBr) to attain about 1.1%-1.3% of the overall weight of the samples. The procedure for sample

preparation and FT-MIR data collection and analysis has been reported elsewhere.[*]

2.5 Thermogravimetric analysis

The thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG)
of ECR and CH were performed using a Pyris Diamond TG/DTA instrument (Perkin-Elmer,
Waltham, MA, USA). The sample weight for both precursors at each run was kept at 12+3 mg to
mitigate the heat and mass transfer limitations. The samples were subjected to a temperature
program of 25-800°C and were analyzed with a 100 mL/min flow rate N2 purge gas. Different
heating rates from 5-20°C/min with an interval of 5°C/min were used to elucidate the pyrolysis
behaviour of ECR and CH. For each coffee residue and heating rate, three replications were
performed to ensure the accuracy of the results.

3 KINETIC STUDY
The obtained TGA data was used in the estimation of the kinetics parameters by using
isoconversional methods such as FWO, KAS, Kissinger’s method, and the Friedman method.

The isoconversional methods present a reliable means of obtaining the activation energies of



complex solid-state processes without any assumptions. A comparison between the model free
and model fitting methods of kinetics parameter estimation is provided in Section SO of the
supplementary materials. Furthermore, detail information about the derivation of each
isoconversional model equations can be found in Section S2 in Supplementary Information.
Table 1 shows the linear equations used to obtain the kinetics parameters.
3.1 Evaluation of the thermodynamic parameters

The thermodynamic parameters evaluated in this study include the activation enthalpy
(AH), activation entropy (AS), and Gibbs free energy (AG). Equation (S4) (Supplementary
Information) refers to the Arrhenius equation that describes the relationship between rate
constant of a chemical reaction and its temperature. Such relationship can also be represented by

the Eyring equation:

—-AG

(Z)exp FTv’ 2)

where C’ represents the reference concentration of the reaction and the exponent n determines

TKp
h

k(T) =
the order of reaction (0 for a first order reaction and 1 for a second order reaction).

A comparison between the Arrhenius equation (Equation (S4)) and Eyring equations
(Equation (2)) provides a basis for the estimation of the thermodynamic parameters in this study,

as shown in Equations (3)-(5)171:

AH = E, — RT (3)

AG = E, + ln(ij:).RT (4)

—AS = (“G;ﬁ) (5)
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where, from the above equations, K is the Boltzmann constant (1.381x 10722J K1), Tpis
the peak temperature (K), and 7 is the Planck constant (6.626 * 10734 ].s).

4 RESULTS AND DISCUSSIONS
4.1 Physicochemical properties of exhausted coffee residue and coffee husk

The proximate analysis of ECR and CH studied is presented in Table 2. It should be
noted that the results of the proximate analysis were presented on an as received basis. Among
the two coffee residues, ECR showed a relatively high moisture content (47.1 wt%) and volatile
matter (40.4 wt%). In contrast, the ash content of CH is higher at 1.7 wt.% and volatile matter
(77.7 wt.%). The fixed carbon contents of ECR and CH are 11.6 wt.% and 17.9 wt.%,



respectively. The data shown in Table 2 confirm that both ECR contain very large amounts of
moisture content at more than 40%. On the other hand, both samples also contain low ash
content which is desirable for thermochemical conversion processes. High ash content in
samples may cause fouling and disposal problems. The ultimate analysis for both ECR and CH
showed a relatively high carbon content of 50 wt.% and 48.5 wt.%, respectively.

The amount of carbon, oxygen, and hydrogen for both feedstocks indicates their
feasibility to produce green fuels and chemicals. Moreover, the low nitrogen and sulphur
contents (< 3%) found in both coffee residues indicates that there will be relatively low
production of toxic gases such as NOx and SOx during pyrolysis. The experimental HHV of
ECR and CH were reported as 22.3 MJ kg™t and 18.3 MJ kg, respectively. The high calorific
values of both coffee residues are attributable to their lower ash and higher volatile matter
content. The calorific values of ECR and CH were estimated to be higher when compared to the
calorific values of agriculture waste such as rice husk (12.9 MJ kg ), wheat straw (14.7 MJ kg
1), soybean straw (16.4MJkg™), rice straw (14.9 MJ kg™), and corn cob (16 MJ kgt).[t81 191 The
estimated HHV of ECR and CH also illustrates their suitability as feedstocks for green fuels
and chemicals production through the thermochemical conversion processes. Lignin content of
ECR and CH is reported as 32.6+£0.3 wt.% and 19.6+0.1 wt.%, respectively. On the other hand,
the structural sugar contents of CH (39.2+0.1 wt.%) is lower than that of ECR ( 43.3+£0.4 wt.%).
Details of the FTIR analysis of both coffee residues have been included in Section S3 of the
Supplementary Information.

4.2 Thermogravimetric analysis of ECR and CH

The TGA and DTG curves at constant heating rate of 10°C/min were analyzed to elucidate the
pyrolytic and thermal decomposition behaviour of ECR and CH. As shown in Figure 1A-B, ECR
and CH exhibit a similar devolatilization pattern with initial thermal decomposition starting at
150°C. Additionally, three different pyrolytic stages were observed. The first stage, which occurs
at a temperature up to 230°C, could be attributed to the loss of moisture, decomposition of
minerals, and degradation of low molecular weight compounds due to the hygroscopic nature of
ECR and CH% Weight loss of 4 % and 3% were observed during the first stage of the
dehydration of ECR and CH, respectively.

The second stage of weight loss occurs at a higher temperature of 240-560°C for ECR
and 220-550 °C for CH. This stage is also known as the active pyrolytic stage. Most of the



thermal decomposition occurs during the second stage with the fragmentation of higher
molecular weight compounds into smaller molecular compounds. This stage is equivalent to the
loss of hemicellulose, cellulose, and a small amount of lignin.

Among the two coffee residues, the highest weight loss was recorded for ECR (66%),
compared to CH (59%). Owing to high volatile matter, hemicellulose, and cellulose content in
ECR, the percent mass loss is higher compared to that of CH.

The last stage of thermal decomposition occurs at temperatures of 460-800°C for ECR
and CH. This stage corresponds to the endothermic thermal degradation of the crystalline part of
cellulose and lignin. However, the degradation rate at this stage is much slower compared to
other stages and could be attributed to the recalcitrant nature of lignin, indicating that no
appreciable mass conversion reactions took place in the passive pyrolytic zone. Total mass loss
of 14% and 19 % of the original weight was found for ECR and CH, respectively, in the passive
pyrolysis zone. The percent mass loss declined for ECR compared to that of CH at the passive
pyrolytic zone because of the high lignin content in it (32.6 wt.%) compared to CH (19.6 wt.%).
Lignin is a complex polymeric substance consisting of phenylpropane molecules and highly
branched C-H groups. As a result of its complex structure and recalcitrant nature, lignin is tough
to degrade.

The DTG curves of ECR and CH are illustrated in Figure 1B. The DTG thermographs of
the two coffee residues differ in height and peak positions. This indicates that the difference in
physicochemical properties of the two coffee residues. Moreover, the distribution of the
inorganic and organic components could also affect their thermal decomposition behaviour.
From the DTG curves, a two-step degradation is evident for both coffee residues. The first
shoulder peaks observed from the DTG curves at 220 °C for ECR and 215 °C for CH correspond
to the decomposition of hemicellulose. It is linked with the loss of hemicellulose as it
decomposes in the temperature range of 220-315°C.[*%1 On the other hand, the maximum peaks at
around 355 °C and 351°C for ECR and CH, respectively, correspond to cellulose decomposition.
Cellulose undergoes thermal decomposition at temperature range of 315-450°C.[2!1 Finally,
lignin decomposition has a broad temperature range from 200-500°C and is indicated by the peak

at the flat tailing section of the DTG curves.



4.3 Heating rate effect on the thermal decomposition of ECR and CH

The effect of heating rate () on the pyrolytic behaviour of ECR and CH is shown in the TGA
and DTG profiles in Figure 2. The heating rate influences the maximum peak temperature
(Tpeak), decomposition rate, and the maximum weight loss of the samples. However, the thermal
decomposition profiles of ECR and CH at all heating rates remains the same. This shows a
similar degradation pattern for all heating rates. Furthermore, with elevating heating rate, the
thermal decomposition is observed to approach the higher temperature zone (Figures 2B and
2D).

The DTG curves in Figures 2B and 2D indicate that the pyrolysis characteristics
temperature of the active pyrolytic zone (second stage) rises with increasing heating rate for ECR
and CH. Furthermore, from Figure 3A-B, the temperature at which 5% of the sample weight is
converted (Ts%) and maximum weight loss temperature (Tpeak) increases with elevating heating
rate. Similarly, the maximum decomposition rate rose from 3.7-15 .0 % min™* for ECR (Figure
2B) and 3.0 to 12.1 % min* for CH (Figure 2D). Kumar et al??! observed similar results during
the pyrolysis kinetic studies of Ru/Fe impregnated banana pseudo stem. At elevated heating rate
of 20°C/min, the authors observed a shorter residence time for the Ru/Fe impregnated banana
pseudo stem samples. Furthermore, there was an increase in the temperature required for organic
matter decomposition. The authors attributed this behaviour to the low heat conductivity of
biomass samples. As a result of the low heat conductivity of biomass samples, longer time is
required for heat conduction of the particle from the external surface to the interior; therefore, a
temperature gradient could be formed throughout the biomass cross-section during heating.[??l
However, this is not the case in our study. Pyrolysis process is controlled by kinetics together
with heat and mass transfer. In the present study, we evaluated the pyrolysis kinetics using data
from TGA, where a small mass (about 12 mg) of the sample were heated in a TGA analyzer.
The residual mass of the samples as well as the surrounding fluid temperature were measured
over time, with the surrounding fluid temperature assumed to be the same as the surface
temperature of the sample (negligible interparticle mass transfer). However, in evaluating the
pyrolysis Kinetics, we assume that the mass of the sample is so small that heat transfer limitations
are negligible. As a result, heat transfer limitations are not included in the model. Therefore,
degradation of the biomass samples is controlled by the kinetics. Suuberg et al®® suggested that
these heating rate effects could be as a result of the mass transport limitations. Regardless, it is



important to note that in most practical applications, heat transfer limitations could still play a
major role and will need to be considered.
4.4 Kinetic analysis
Figures 4 and 5 show the linear least square regression plots for FWO, KAS, and the Friedman
model at progressing conversion rates. The plots of FWO and KAS models for both ECR and
CH show a similar trend, while that of the Friedman model is slightly different. For both coffee
residues (ECR and CH), the conversion value ranges from 0.1-0.7. It should be noted that the
conversion rate lower than 0.1 and higher than 0.7 was not used in this study as a result of their
non-linear characteristics and their lower correlation coefficient (R?) values. Moreover, all the
models used in the present study showed a very good fit with the experimental data. This is
verified with the value of the correlation coefficient (R?), which is above 0.9 at all the conversion
range studied, except for the Friedman method at 0.7 conversion. The high value of the
correlation coefficient also confirms the accurate prediction of the activation energy in this study.
Tables 3 and 4 depict the estimated kinetics parameters (Ea and Ao) for ECR and CH,
respectively, at different conversion (0.1-0.7). The values of activation energy are influenced by
several factors such as the type of biomass, kinetics model, heating rate, and biomass particle
size.[? As shown in Tables 3 and 4, the activation energy values vary with conversion for both
coffee residues. The activation energy of ECR using the FWO method was in the range of 62.3-
102.4 kJmol™ at conversion ranges of 0.1-0.7. Likewise, the KAS and Friedman method yielded
activation energy between 51.3-93.3 kJmol*and 10.6-122.7 kJmol™, respectively, within the
same conversion range. On the other hand, CH showed higher activation values at the same
conversion range (39.1-140.6 kJmol™ for FWO, 27.7-131.6 kimol-* for KAS, and 24.9-125.9 for
Friedman). The disparity in activation energies with conversion for ECR and CH could be
attributed to their dissimilar pyrolysis kinetic behaviour and percentage of cellulose,
hemicellulose, and lignin present in these materials, together with their collective interactions.[”
Fixed carbon content and volatile matter also play a major role in the variation in the activation
energies for the two samples. Furthermore, since the activation energy of biomass is strongly
dependent on the pyrolysis mechanism, it could be stated that both ECR and CH exhibit different
reaction mechanisms during pyrolysis. Kaur et all*’! reported similar observations using castor
oil as feedstock. In another study by Ashraf et al,[® the authors reported the activation energies of
two coals (Dukki Coal (DC) and Chamalang Coal (CC)) and four different agricultural residues



(corn husk (CU), falsa stick (FS), rice husk (RH,) and sunflower disc (SD)). The activation
energies were in the order of CC < DC < SD < RH < FS < CU. The authors attributed the high
activation energy of corn husk to its low volatile matter and high fixed carbon contents compared
to coal and other agricultural residues.

The variation of activation energy with conversion estimated from the Friedman, KAS,
and FWO methods is further illustrated in Figure S1 (Supplementary Information). The
dependency of activation energy with conversion for both ECR and CH indicates that the
reaction mechanism is not the same in the whole decomposition process.[?*-321 As proposed by
Vyazovkin et al,** most of the thermally initiated processes exhibit a characteristic activation
energy versus conversion dependencies. These variations can be used for predicting kinetics and
exploring the process mechanism. If the activation energy is constant over the entire conversion
range, then it is likely that the process is a single reaction step dominated process. However, in
most processes, the activation energy varies largely with conversion, which is the same with the
present study, where for both ECR and CH the activation energy values ranges from 10 -140
kJ/mol.

The iso-conversional method describes the kinetics of a process with the aid of a
multiple single-step kinetics equation with each one of them related to a certain extent of
conversion. Therefore, a reaction with activation energy against conversion dependence indicates
the presence of a complex multistep mechanism. The nature of such a reaction can be determined
by the shape of the activation energy versus conversion curves. In the present study, the curve is
complex and convoluted with multiple peaks . As noted by several authors,[19:23:30.3233] the
presence of several peaks and convolutions in the curve could be attributed to the difference in
the thermal decomposition behaviour of several components of biomass (cellulose,
hemicellulose, and lignin). Each component exhibits different decomposition temperature and at
varying stages of conversion. As confirmed by the FTIR analysis, ECR and CH contain several
components with different functional groups and show different thermal decomposition
behaviour.

The average value of activation energy reported in this study has a meaning of a single
parameter that is linked to the activation energies of individual decomposition process of several
biopolymers present in the lignocellulosic biomass sample. The average activation energies for
both feedstocks were found to be lower compared to the activation energies of several
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feedstocks reported in Table 5 (e.g., palm kernel shell, 262 kimol*?4: hazelnut husk, 162.1
kJmol28): castor, 215.6 kdmol[7]; and raw rice straw, 200.8 kJmol*B%1). Activation energy is
an essential criterion for the determination of fuel reactivity.?” Since fuel reactivity plays a
significant role in gasification and pyrolysis, it is crucial to understand the extent and
relationship between activation energy and conversion during pyrolysis. It is almost impossible
to start reactions with high activation energy, as increased value demonstrates that the rate of
reaction is slow. Low activation energy is desirable, therefore ECR is seen as a superior fuel
when compared with CH and other biomass samples listed in Table 5.

4.5 Thermodynamic Parameters estimation

Thermodynamic estimation provides information on the variation of enthalpy (AH, kJ
mol?), entropy (AS, ] mol™), and Gibbs energy (AG, kJ mol™) with conversion. It is important to
note that the thermodynamic parameters evaluated in this study are the activation
thermodynamic parameters; therefore, they are only associated with the activation process and
not the entire process.

Enthalpy is a chemical reaction state function that helps to identify whether heat is
absorbed or released in a reaction.!% Enthalpy also represents the total heat content of a system.
The changes in enthalpy (AH) with conversion for ECR and CH are presented in Tables S1 and
S2 (Supplementary Information). For all three iso—conversional methods, a slight deviation in
enthalpy values with increasing conversion could be attributed to the difference in energy
between the reactants and the activated complex. The lower the energy difference, the higher the
tendency to form the activated complex.*l The average enthalpy obtained using the KAS, FWO,
and Friedman methods was reported as 91.1 kJmol, 101.3 kJmol, and 85.2 kJmol?,
respectively, for CH. On the contrary, ECR has a lower average enthalpy value of 86.9 kJmol™
(KAS), 99.1 kJmol* (FWO), and 76.6 kmol™? (Friedman). The highest AH value was obtained
at conversion ranges of 0.1-0.3 for both feedstocks (Figure 6A-B). The superior value of AH at
low conversion ranges (0.1-0.3) could be attributed to the fact that lower conversions are attained
at lower temperature. However, it is important to note that the ability of a pyrolysis reaction to
occur at lower or higher temperatures is determined by both the frequency factor and activation
energy.

The entropy of a system measures the degree of randomness or disorderliness of the
reacting system. It was observed from Table (S1) (Supplementary Information) that the entropy
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values for both ECR and CH are negative for all the fractional conversions from 0.1-0.7.
Although negative value of entropy implies that the degree of randomness of the products from
bond dissociation is less than that of the starting reactants (i.e., a decrease in the degree of
randomness or disorderliness of the system), that is usually not the case in decomposition
reactions such as pyrolysis. During pyrolysis, organic components undergo thermal
decomposition in the absence of oxygen to produce gases, chars, and bio-oils depending on the
reaction conditions. Therefore, the negative value of entropy in this study could be a result of its

association with the formation of the activated complex.

5 CONCLUSIONS

The pyrolysis kinetics of ECR and CH were comprehensively studied using TGA data. Iso-
conversional approaches such as the Kissinger, KAS, FWO, and Friedman method were used to
calculate the kinetic parameters. Activation thermodynamic variables such as enthalpy, entropy,
and Gibbs free energy, were also evaluated. TGA analysis of the two samples shows that the
degradation pattern of ECR and CH exists in three different stages of weight loss. The first stage
is attributed to the loss of moisture and volatile components. The second stage of weight loss
stage corresponds to the loss of holocelluloses (cellulose and hemicellulose). The last stage at
higher temperatures is attributed to the lignin decomposition and char formation. The average
activation energies calculated for ECR were 101.6 kJmol™* (FWO method), 91.56 kJmol* (KAS
method), and 90.4 kimol* (Friedman method). For CH, the average activation energies were
106. 2 kJmol* (FWO method), 96.0 kJmol (KAS method), and 101 kJmol* (Friedman method).
Higher volatile content (81.2 wt.%), high heating value (22.3 MJ/mol), lower activation energy
(90.4-101.6 kdmol™?), Gibbs free energy (146.11-148.35 kJmol™), entropy (-127 Jmol™), and
lower content of N (2.3 wt.%) and S (0.9 wt.%) of ECR compared to CH have shown that it has

higher potential for bioenergy production.
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NOMENCLATURE

F(a)  reaction model

AC  ash content

CH  coffee husk

DTA differential thermogravimetry analysis
DTG derivative thermogravimetric analysis
Ea,  activation energy

ECR exhausted coffee residue

FC  fixed carbon

HHV higher heating value

k(T) Temperature dependent rate constant
KAS Kissenger—Akahira-Sunose method

MC  moisture content

FWO Flynn-Wall-Ozawa method

R universal gas constant

T temperature dependent rate constant

Tsw  initial decomposition temperature

TGA thermogravimetric analysis

Tmp peak temperature obtained from the DTG
Tpeak  Temperature at which maximum weight loss occurs from DTG curve
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VM

Volatile matter

a conversion

heating rate

A frequency factors
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Figure Captions

FIGURE 1 (A) Thermogravimetric analysis (TGA) profiles of exhausted coffee residue (ECR)
and coffee husk (CH) and (B) derivative thermogravimetric analysis (DTG) profiles of ECR and

CH at a constant heating rate of 10°C/min

FIGURE 2 Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis
(DTG) profiles of exhausted coffee residue (ECR) and coffee husk (CH) at different heating rates
5-20°C/min: (A) TGA profiles of ECR, (B) DTG profiles of ECR, (C) TGA profiles of CH, and
(D) DTG profiles of CH

FIGURE 3 (A) Effects of heating rate on the kinetics for an initial conversion of 5% for
exhausted coffee residue (ECR) and coffee husk (CH), and (B) effect of heating rate on the

temperature at which the maximum weight loss is attained (tpeak) for ECR and CH

FIGURE 4 Linear least square regression plot for exhausted coffee residue at different
conversions used for the determination of activation energy by (A) Flynn-Wall-Ozawa, FWO;
(B) Kissinger-Akahira-Sunose, KAS; and (C) Friedman (The lines in C reflect the values of a
ranging from 0.1-0.7, starting from left to right)

FIGURE 5 Linear least square regression plot for coffee husk (CH) at different conversions used
for the determination of activation energy by (A) Flynn-Wall-Ozawa, FWO; (B) Kissinger-
Akahira-Sunose, KAS; and (C) Friedman (The lines in C reflect the values of a ranging from
0.1-0.7, starting from left to right)

FIGURE 6 Change in activation enthalpy with conversion for different iso-conversional
methods for (A) exhausted coffee residue, ECR; and (B) coffee husk, CH
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Table Captions

TABLE 1 Linear equations for the isoconversional methods used to estimate the kinetics

parameters

Iso-conversional

model

Final equation

Notes

Kissenger-Akahira-
Sunose (KAS)

i (1) = in (ee) ~ &7

The activation energy can be determined by the
slope of In (B/T?) against (1/T) for the specified

value of conversion.

Flynn-Wall-Ozawa
method (FWO)

Ey
I = tant — 1.052 —
n (B ) = constan BT

A linear plot of In (B) against 1/T would
produce a slope of -1.052 EA/R from which the

activation energy value can be obtained.

Kissinger’s Method

I[B]—I AOR] E,
"rtmzl =" B, 1T RTm

Tm refers to the peak temperature obtained from
the derivative thermogravimetric analysis
(DTG) curve.

Friedman method

d E
|83 = m4of @1 - 25

Kinetic plots of In [,8 %] versus 1/T provides a

slope and intercept of -E/R and In [Af (a)].
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TABLE 2 Proximate, ultimate, and compositional analysis of exhausted coffee residue (ECR) and coffee husk (CH) together with

their heating values

Analysis ECR CH
****Proximate analysis (dry basis, wt.%0)

Moisture content 47.1+0.4 2.7+0.05
Volatile matter 40.4+0.13 77.7%0.23
Ash content 0.9+0.01 1.7+0.01
**Fixed carbon 11.6+0.01 17.9+0.02
Ultimate analysis (dry basis, wt.%b)

C 50.0+0.01 48.5+0.02
H 6.7+£0.05 5.9+0.01
N 2.5+0.03 2.8+0.01
S 0.9+0.001 0.6+0.03
*0 39.9+0.10 42.2+0.01
H/C 1.6 1.5

o/C 0.6 0.7

N/C 0.04 0.05
Empirical formula CH1.600.6No.04 CH1.500.7No.os
Compositional analysis ( wt.%)

Structural sugars 43.3104 39.240.1
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Total lignin

32.6x0.3 19.6+0.1
Higher heating value (HHV) (MJ/kg)
Experimental HHV 22.3 18.3
***Theoretical HHV 20.4 19.6

*Oxygen (wt.%) is calculated from the following equation: Oxygen (0%) = 100 — (C + H + N+S).

**Fixed carbon (%) is calculated from the following equation: Fixed carbon (FC %) = 100 — (M+VM+Ash).

***The theoretical HHV value was computed by Friedl’s formula.

****Proximate analysis presented in the table is for the as received samples.
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TABLE 3 The kinetic parameters obtained from iso-conversional method using the fitted equation for exhausted coffee residue (ECR)

Feedstock: ECR

FWO method KAS method Friedman method

a Ea (kJmol?) | A (s?) R? Ea (kJ/mol) | A(s?) R? Ea (kJ/mol) | A (s?) R?

0.1 102.4 1.1x10° [0.9924 |93.3 1.5x10% |0.9911 |122.7 1.1x 10 | 0.9957
0.2 125.2 1.8x 10" |0.9998 |115.8 2.2x 10 |0.9998 | 134.9 1.5 x 10*? | 0.9967
0.3 127.7 3.1x 10" |0.9998 |118.1 3.6 x 101 | 0.9997 | 109.1 49x10° |0.9942
0.4 116.1 2.3x 10 |0.9983 | 106.1 2.6x10° |0.9979 |824 1.3x10" |0.9937
0.5 99.7 6.1x10® |0.9976 |89.5 6.3x 10" |0.9969 |56.3 3.4x10* |0.9893
0.6 77.4 4.1x10% |0.9956 |66.8 3.7x10° |0.9938 |36.9 3.6 x10% | 0.9997
0.7 62.3 1.3x10° [0.9998 |51.3 1.1x10* |0.9995 | 10.6 3.8x 10! |0.7596
Average | 101.6 7.2x10%0 |- 91.6 8.7x10° |- 90.4 23x10% |-

Abbreviations: FWO, Flynn-Wall-Ozawa method; KAS, Kissenger-Akahira-Sunose.
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TABLE 4 The kinetic parameters obtained from iso-conversional method using the fitted equation for coffee husk (CH)

CH

FWO method KAS method Friedman method
a Ea (kJmol?t) | A(s?) R? Ea (kJ/mol) | A(s?) R? Ea (kJ/mol) | A(s?) R?
0.1 140.6 1.6 x 102 | 0.997 131.6 2.4x 10" 109966 |111.2 3.1x10° 0.7814
0.2 138.0 9.3x 10 | 0.995 128.7 1.3x 10" |0.9943 | 125.9 7.0 x 1010 0.9858
0.3 136.7 6.9x 10! [0.9899 |127.1 9.1x10% |0.9884 |121.3 2.6 x 1010 0.9713
0.4 128.4 1.2x 10" |0.9826 |118.6 1.5x10° |0.9797 | 90.4 3.1x 107 0.9205
0.5 102.7 4.9 x 108 0.9626 | 92.6 5.7 x 10’ 0.9543 | 80.0 3.7x 10° 0.9124
0.6 S57.7 2.8x10* ]0.9829 |45.9 1.9x10% |0.9823 |77.0 1.9 x 10° 0.97154
0.7 39.1 4.1 x 10? 0.9517 | 27.7 2.8 x 10! 0.9102 | 24.9 1.4 x 101 0.8087
Average | 106.2 4.8 x 10% 96.0 6.7 x 10%0 100.9 1.4 x 10%°

Abbreviations: FWO, Flynn-Wall-Ozawa method; KAS, Kissenger-Akahira-Sunose.
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TABLE 5 Comparison of coffee residues activation energies (Ea) calculated with FWO method (present work) with Ea of various

biomass resources reported in the literature

Biomass Proximate Ultimate analysis Ea Reference
analysis (Wt.%) (kd molY)
[0)
(Wt.%) (dry basis)
(dry basis)
Ash Moisture | C H N S 0] FWO KAS Friedman
th th
(WE96) | (Wt.9%) method method
Exhausted coffee | 0.9 3.3 50 |6.7 |25 |09 39.9 | 1024 91.6 90.4 Present
residue (ECR) Work
Coffee husk (CH) | 1.7 2.7 485 |59 |28 |0.6 |40.6 |140.6 96.0 100.9 Present
work
Corn stalk 15.9 - 488 | 6.6 |3.7 |- 409 |- - 473 Cai et
al.lfl
Hazelnut husk 5.3 7.2 426 |55 |11 |0.13 |50.6 |162.1 162.6 - Ceylan et
al.[28]
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Raw rice straw - - - - - - - 200.8 Sheng et
(RRS) al.l3®!
Palm kernel shell 2.8 12.7 516 6.3 | 0.7 |0.1 41.3 | 262 Ma et
a|.[24]
Pine sawdust 2.07 6.1 503 |6 0.7 |- 43 191 Mishra et
a|.[38]
Sal sawdust 1.1 8.9 498 | 6 0.6 |- 43.6 | 175 Mishra et
al.[38l
Areca nut husk 2.5 7.4 488 |58 |2 0.1 435 | 196 Mishra et
al.[38!
Castor residue 5.4 11.1 436 |56 |4.7 |- 46.2 | 215.6 Kaur et
al.lt"]

Abbreviations: FWO, Flynn-Wall-Ozawa method; KAS, Kissenger-Akahira-Sunose.

24




—CH
100 —ECR

Weight loss (wt.%)
B (2] [o]
o o o
1 1 1

N
o
1

o
1

T T
200 400 600 800

o

Temperature ( °C)

cjce_24037_figurela.eps




In (B)

32

m o=01
> ® =02
L =03
vV a=04
2.8 1 a=05
> a=06
=07
2.4 1
2.0 1
1.6
T T T T
1.35 1.50 1.65 1.80 1.95

1T x10° (K")

cjce_24037_figure 4a.eps



In (B/T?)

-9.6

-10.0 4

-10.4 -

-10.8 4

-11.2 4

Al

a=0.1

A

T T T
14 15 X 17 1.8
1T X 10°%(K™)

cjce_24037_figure 4b.eps



32

| |
" [ ]
28 o
>
24 -
20 -
164

T T
0.0014 0.0015

a=01

In (B)

T T
0.0016 0.0017
1T (K™

cjce_24037_figure 5a.eps

T
0.0018 0.0019



-9.6

B -0l
® «=02
a=03
Vv =04
a=05
-10.0 » a=06
a=07
|4
£8-10.4
£
»
-10.8
TS S N VN S
1.3 14 1.5 1.6 1.7 1.8 1.9

1T x 10°(K™)

cjce_24037_figure 5b.eps



= 5°C/min
2.0 1 O
e 10°C/min
A 15°C/min
2.5 1 v 20°C/min
=-30 1
o
E]
R=)
@ 35
£
404 00.1:01:0.7
4.5 4
-5.0 T T T T
48 16 14 A3

1T x 10 *(K™)

cjce_24037_figure 5c.eps




DTG (wt‘%/min)

—CH

— ECR

; T :
200 400 600
Temperature (°C)

cjce_24037_figure 1b.eps



Weight loss (%)

100

80

20

(a) ——5°C/min
——10°C/min
——15°C/min
——20°C/min

T T T T T T
200 400 600 800
Temperature (°C)

cjce_24037_figure 2a.eps



16 OC/mi
b —— 5 C/min
®) ——10°C/min
——15°C/min
——20°C/min
12 4
<
£
2
2"
o
4 4
0 1 T
600 800

T T
0 200 400
Temperature (°C)

cjce_24037_figure 2b.eps



Weight loss (%)

100

80

20

() ——5°%C/min
——10°C/min
——15°C/min
——20°C/min

T T T T T T
200 400 600 800
Temperature (°C)

cjce_24037_figure 2c.eps



(d)

DTG (%/min)
[e<]
1

IS
1

0

——5°C/min

——10°C/min
——15°C/min
——20°C/min

0 N i : , .
400 600

200
Temperature (°C)

cjce_24037_figure 2d.eps

T
800



S
2404 e O
///./ A
v el = ECR
2204 -
o ——CH
.
200
s /
08 ’,/'
'_Gf 180 4
1604
TUR

Heating rate (OC/min)
cjce_24037_figure 3a.eps



Tpeak (°C)

330

320

o
o

©w
S
=]

290

280

-
gt
3
¥
//// " /.
. i
. [ = ECR
.//// —e—CH
/‘/
;/
'd

Heating rate (OC/min)
cjce_24037_figure 3b.eps



In[B(do/dT)]

AT X107 (K™)

cjce_24037_figure 4c.eps

-2.0 - = 5°C/min
e 10°C/min
25 A 15°C/min
v 20°C/min
-3.0 - /}
3.5 4
./0('
-4.0
P I wrotor =
5.0 4
55 T . : :
1.8 -1.6 1.4 49 -1.0



AH (KJ/mol)y

140
I KAS -ECR

B OFW-ECR
B Friedman - ECR

120

100

80

60

40 4

204

0.1 02 03 04 05 06 07

Conversion

cjce_24037_figure 6a.eps



AH (KJ/mol)

140 I KAS -CH
g B OFW-CH
B Friedman - CH

120

100

©
S
1

o
f=
1

40

20

0.1 02 03 04 05 06 07

Conversion

cjce_24037_figure 6b.eps





