8 4% PIag(@\can by Ouriginal Results of plagiarism analysis from 2022-02-14 05:23 UTC

Paper 92.docx

Date: 2022-02-14 05:19 UTC

% All sources 100 @ Internet sources 37 & Publisher sources 5 [ Organization archive 5 = & Plagiarism Prevention Pool 39

4

[0]

[1]

[2]

[4]

[6]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

@ www.researchgate.net/publication/324170859_A_review_of_the_hydrothermal_carbonization_of_biomass_waste_for_hydrochar_formation_Process

62 matches

@ www.researchgate.net/publication/265169649_Effects_of wet_torrefaction_on_reactivity_and_kinetics_of_wood_under_air_combustion_conditions

65 matches

@ pubs.acs.org/doi/10.1021/acsomega. 1c01787

43 matches

@ curve.carleton.ca/system/files/etd/f2dce676-3e4d-41dd-9675-0a8cc1d6b8ed/etd_pdf/1b2b71{95e50de45befa7f96822aeb9a/ghaziaskar-catalysedhydrc
43 matches

@ www.researchgate.net/publication/51533579_Hydrothermal_carbonization_of_anaerobically_digested_maize_silage

26 matches

@ link.springer.com/article/10.1007/s12649-020-01255-3
36 matches

@ ietresearch.onlinelibrary. wiley.com/doi/full/10.1049/rpg2.12082

28 matches

S froma PlagScan document dated 2017-10-26 05:26

40 matches

@ www.researchgate.net/publication/327322513_Hydrothermal_Carbonization_of_Biosolids_from_Waste_ Water_Treatment_Plant

30 matches

S from a PlagScan document dated 2021-07-21 07:13

29 matches

& Hydrothermal treatment of banana leaves for solid fuel combustion

33 matches

@ www.mdpi.com/1996-1073/13/16/4164/htm

31 matches

@ www.nature.com/articles/s41598-020-75936-3

28 matches

@ www.ncbi.nlm.nih.gov/pme/articles/PMC7606520/

28 matches

@ hull-repository.worktribe.com/OutputFile/798417

21 matches

@ www.mdpi.com/1996-1073/13/16/4164/pdf

28 matches

£ from a PlagScan document dated 2017-09-08 16:40

18 matches

@ www.researchgate.net/publication/324977049_Hydrothermal_carbonization_as_an_all-inclusive_process_for_food-waste_conversion

29 matches

@ www.jeijc.org/wp-content/uploads/2021/03/unep2 1-food-waste-index-report-2021.pdf

20 matches

@ www.researchgate.net/publication/333160242_Gasification_and_Properties_of_Chars_Derived_Food_Waste_by_Pyrolytic_and_Hydrothermal_Carb

25 matches

@ link.springer.com/article/10.1007/s13399-020-00771-5

22 matches

£ from a PlagScan document dated 2018-09-08 15:41

25 matches

£ from a PlagScan document dated 2017-12-10 21:54

22 matches

£ from a PlagScan document dated 2019-02-03 02:19

24 matches

1 documents with identical matches

€A linl enrinaar cam/ecantent/ndf/10 1007 /cANNAN_NTA_NNRT O nAf


http://www.plagscan.com
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
https://www.researchgate.net/publication/324170859_A_review_of_the_hydrothermal_carbonization_of_biomass_waste_for_hydrochar_formation_Process_conditions_fundamentals_and_physicochemical_properties
https://www.researchgate.net/publication/265169649_Effects_of_wet_torrefaction_on_reactivity_and_kinetics_of_wood_under_air_combustion_conditions
https://pubs.acs.org/doi/10.1021/acsomega.1c01787
https://curve.carleton.ca/system/files/etd/f2dce676-3e4d-41dd-9675-0a8cc1d6b8e4/etd_pdf/1b2b71f95e50de45befa7f96822aeb9a/ghaziaskar-catalysedhydrothermalcarbonizationofwoody.pdf
https://www.researchgate.net/publication/51533579_Hydrothermal_carbonization_of_anaerobically_digested_maize_silage
https://link.springer.com/article/10.1007/s12649-020-01255-3
https://ietresearch.onlinelibrary.wiley.com/doi/full/10.1049/rpg2.12082
http://www.plagscan.com/highlight?doc=144240255&source=11
https://www.researchgate.net/publication/327322513_Hydrothermal_Carbonization_of_Biosolids_from_Waste_Water_Treatment_Plant
http://www.plagscan.com/highlight?doc=144240255&source=13
http://www.plagscan.com/highlight?doc=144240255&source=14
https://www.mdpi.com/1996-1073/13/16/4164/htm
https://www.nature.com/articles/s41598-020-75936-3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7606520/
https://hull-repository.worktribe.com/OutputFile/798417
https://www.mdpi.com/1996-1073/13/16/4164/pdf
http://www.plagscan.com/highlight?doc=144240255&source=20
https://www.researchgate.net/publication/324977049_Hydrothermal_carbonization_as_an_all-inclusive_process_for_food-waste_conversion
https://www.jeijc.org/wp-content/uploads/2021/03/unep21-food-waste-index-report-2021.pdf
https://www.researchgate.net/publication/333160242_Gasification_and_Properties_of_Chars_Derived_Food_Waste_by_Pyrolytic_and_Hydrothermal_Carbonizations
https://link.springer.com/article/10.1007/s13399-020-00771-5
http://www.plagscan.com/highlight?doc=144240255&source=25
http://www.plagscan.com/highlight?doc=144240255&source=26
http://www.plagscan.com/highlight?doc=144240255&source=27
https://link.springer.com/content/pdf/10.1007/s40090-016-0081-0.pdf

W LU OPL LU UL VUL VULILULLY PUL/ LU LUV /73 TUVUUTU LUTUVU LTV puL

23 matches

& Combustion characteristics and kinetics study of hydrothermally treated paper sludge by thermogravimetric analysis

26 matches

€ from a PlagScan document dated 2018-12-17 14:31

20 matches

@ www.researchgate.net/publication/291424494_Preparation_and_characterization_of_hydrochar_from_waste_eucalyptus_bark_by_hydrothermal_carl

16 matches

@ www.researchgate.net/publication/326649192_EVALUATION_OF_UTILISING_INGELIA_HYDROCHAR_PRODUCED_FROM_ORGANIC_RE!

22 matches

S froma PlagScan document dated 2020-04-03 21:28
17 matches

[29]

[30]

[31]

[32]

[33]

[34]

£ from a PlagScan document dated 2018-11-12 09:16

24 matches

@ www.mdpi.com/1996-1073/11/8/2022/pdf
19 matches

[35]

[36]

£ from a PlagScan document dated 2018-06-11 21:11

25 matches

@ bioresourcesbioprocessing. springeropen.com/articles/10.1186/s40643-020-00350-6

17 matches

£ from a PlagScan document dated 2015-12-01 11:13

22 matches

@ www.ncbi.nlm.nih. gov/pme/articles/PMC6227982/

20 matches

& Effect of Equivalence Ratio and Particle Size on EFB Char Gasification

22 matches

£ from a PlagScan document dated 2019-08-06 12:40

20 matches

£ from a PlagScan document dated 2019-07-25 12:32

19 matches

£ from a PlagScan document dated 2019-11-26 13:27

19 matches

£ from a PlagScan document dated 2017-12-07 21:34

14 matches

@ bioresources.cnr.ncsu.edu/resources/effect-of-temperature-on-the-properties-of-charcoal -prepared-from-carbonization-of-biorefinery-lignin/

16 matches

B "Synthesis of chemically modified BisGMA analogwith low viscosity and potential physical andbiological properties for d.pdf" dated 2019-11-06

18 matches

@ core.ac.uk/download/pdf/84073897.pdf

13 matches

@ www.mdpi.com/1996-1073/12/5/858/pdf

15 matches

£ from a PlagScan document dated 2020-05-21 22:27

14 matches

£ from a PlagScan document dated 2017-03-26 13:52

13 matches

@ www.researchgate.net/profile/Nizamuddin_Sabzoi2/publication/324030318_Upgradation_of _chemical_fuel_thermal_and_structural_properties_of r

12 matches

& Laboratory-scale Pyrolysis of Oil Palm Trunks

15 matches

@ www.researchgate.net/publication/230463259_Competition_Between_Hydrotreating_and_Polymerization_Reactions_During_Pyrolysis_Oil_Hydrod:

12 matches

B "21947.pdf" dated 2017-10-30

14 matches

B "Manuscript-(19-03-2019).docx" dated 2019-03-19

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

r<m


http://www.plagscan.com/highlight?doc=144240255&source=30
http://www.plagscan.com/highlight?doc=144240255&source=31
https://www.researchgate.net/publication/291424494_Preparation_and_characterization_of_hydrochar_from_waste_eucalyptus_bark_by_hydrothermal_carbonization
https://www.researchgate.net/publication/326649192_EVALUATION_OF_UTILISING_INGELIA_HYDROCHAR_PRODUCED_FROM_ORGANIC_RESIDUES_FOR_BLAST_FURNACES_INJECTION_COMPARISON_WITH_ANTHRACITE_AND_BITUMINOUS_COAL
http://www.plagscan.com/highlight?doc=144240255&source=34
http://www.plagscan.com/highlight?doc=144240255&source=35
https://www.mdpi.com/1996-1073/11/8/2022/pdf
http://www.plagscan.com/highlight?doc=144240255&source=37
https://bioresourcesbioprocessing.springeropen.com/articles/10.1186/s40643-020-00350-6
http://www.plagscan.com/highlight?doc=144240255&source=39
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6227982/
http://www.plagscan.com/highlight?doc=144240255&source=41
http://www.plagscan.com/highlight?doc=144240255&source=42
http://www.plagscan.com/highlight?doc=144240255&source=43
http://www.plagscan.com/highlight?doc=144240255&source=44
http://www.plagscan.com/highlight?doc=144240255&source=45
https://bioresources.cnr.ncsu.edu/resources/effect-of-temperature-on-the-properties-of-charcoal-prepared-from-carbonization-of-biorefinery-lignin/
http://www.plagscan.com/highlight?doc=144240255&source=47
https://core.ac.uk/download/pdf/84073897.pdf
https://www.mdpi.com/1996-1073/12/5/858/pdf
http://www.plagscan.com/highlight?doc=144240255&source=51
http://www.plagscan.com/highlight?doc=144240255&source=52
https://www.researchgate.net/profile/Nizamuddin_Sabzoi2/publication/324030318_Upgradation_of_chemical_fuel_thermal_and_structural_properties_of_rice_husk_through_microwave-assisted_hydrothermal_carbonization/links/5ad48651458515c60f5409b3/Upgradation-of-chemical-fuel-thermal-and-structural-properties-of-rice-husk-through-microwave-assisted-hydrothermal-carbonization.pdf
http://www.plagscan.com/highlight?doc=144240255&source=54
https://www.researchgate.net/publication/230463259_Competition_Between_Hydrotreating_and_Polymerization_Reactions_During_Pyrolysis_Oil_Hydrodeoxygenation
http://www.plagscan.com/highlight?doc=144240255&source=56
http://www.plagscan.com/highlight?doc=144240255&source=57

Lo71

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[81]

[82]

[83]

[84]

[86]

[87]

12 matches

£ from a PlagScan document dated 2016-11-23 12:41

15 matches

S from a PlagScan document dated 2015-11-29 08:39

17 matches

£ from a PlagScan document dated 2020-06-15 12:42

13 matches

S from a PlagScan document dated 2018-02-12 07:25

14 matches

£ from a PlagScan document dated 2018-06-25 09:55

10 matches

S from a PlagScan document dated 2020-08-03 13:42

14 matches

£ from a PlagScan document dated 2017-09-16 16:18

12 matches

& Physicochemical characteristics and pyrolysis kinetics of raw and torrefied hybrid poplar wood (NM6 — Populus nigra)

14 matches

£ from a PlagScan document dated 2020-02-24 19:41

9 matches

€ from a PlagScan document dated 2020-05-29 17:03

12 matches

S froma PlagScan document dated 2020-05-14 09:58

11 matches

@ www.hindawi.com/journals/isrn/2013/268947/

12 matches

Q@ digital.csic.es/bitstream/10261/259112/1/innowaste. pdf
10 matches

£ from a PlagScan document dated 2018-10-04 08:24

13 matches

B "77.pdf" dated 2020-12-14

13 matches

£ from a PlagScan document dated 2018-08-15 11:05

10 matches

S from a PlagScan document dated 2018-03-06 20:39

10 matches

@ www.researchgate.net/publication/349324184_Insights_on_Molecular_Characteristics_of_Hydrochars_by_13_C-NMR_and_Off-Line_TMAH-GCM!

9 matches

£ from a PlagScan document dated 2017-09-11 17:19

8 matches

£ from a PlagScan document dated 2017-08-17 10:55

11 matches

@ www.researchgate.net/figure/Ultimate-analysis-ash-and-lignin-number-for-all-raw-and-hydrochar-samples-a-indicates_tb13_331540007

10 matches

£ from a PlagScan document dated 2020-12-21 12:35

13 matches

@ www.researchgate.net/figure/Mass-yield-energy-yield-and-energy-densification-ratio_tbl1_326824024

8 matches

£ from a PlagScan document dated 2019-03-19 09:49

12 matches

@ www.researchgate.net/publication/318372688_Evaluating_the_Potential_Impact_of_Hydrochar_on_the_Production_of_Short-Chain_Fatty_Acid_fr¢

9 matches

£ from a PlagScan document dated 2021-11-04 13:38

11 matches

£ from a PlagScan document dated 2021-09-20 07:53

— 1


http://www.plagscan.com/highlight?doc=144240255&source=59
http://www.plagscan.com/highlight?doc=144240255&source=60
http://www.plagscan.com/highlight?doc=144240255&source=61
http://www.plagscan.com/highlight?doc=144240255&source=62
http://www.plagscan.com/highlight?doc=144240255&source=63
http://www.plagscan.com/highlight?doc=144240255&source=64
http://www.plagscan.com/highlight?doc=144240255&source=65
http://www.plagscan.com/highlight?doc=144240255&source=66
http://www.plagscan.com/highlight?doc=144240255&source=67
http://www.plagscan.com/highlight?doc=144240255&source=68
http://www.plagscan.com/highlight?doc=144240255&source=69
https://www.hindawi.com/journals/isrn/2013/268947/
https://digital.csic.es/bitstream/10261/259112/1/innowaste.pdf
http://www.plagscan.com/highlight?doc=144240255&source=72
http://www.plagscan.com/highlight?doc=144240255&source=73
http://www.plagscan.com/highlight?doc=144240255&source=74
http://www.plagscan.com/highlight?doc=144240255&source=75
https://www.researchgate.net/publication/349324184_Insights_on_Molecular_Characteristics_of_Hydrochars_by_13_C-NMR_and_Off-Line_TMAH-GCMS_and_Assessment_of_Their_Potential_Use_as_Plant_Growth_Promoters
http://www.plagscan.com/highlight?doc=144240255&source=77
http://www.plagscan.com/highlight?doc=144240255&source=78
https://www.researchgate.net/figure/Ultimate-analysis-ash-and-lignin-number-for-all-raw-and-hydrochar-samples-a-indicates_tbl3_331540007
http://www.plagscan.com/highlight?doc=144240255&source=81
https://www.researchgate.net/figure/Mass-yield-energy-yield-and-energy-densification-ratio_tbl1_326824024
http://www.plagscan.com/highlight?doc=144240255&source=83
https://www.researchgate.net/publication/318372688_Evaluating_the_Potential_Impact_of_Hydrochar_on_the_Production_of_Short-Chain_Fatty_Acid_from_Sludge_Anaerobic_Digestion
http://www.plagscan.com/highlight?doc=144240255&source=86
http://www.plagscan.com/highlight?doc=144240255&source=87

0.0% | 11 matches

£ from a PlagScan document dated 2019-06-23 09:34

89
v (89 9 matches
v [91] @ www.researchgate.net/publication/347856997_Evaluation_of_the_Potential_of Agricultural_Waste_Recovery_Energy_Densification_as_a_Factor_{

9 matches

B "Revised Manuscript-JNN_2019_0106.docx" dated 2019-10-23

v [92] [01% 7 matches

2 documents with identical matches

@ www.researchgate.net/figure/Energy-yield-and-energy-densification-ratio-of-hydrothermal-carbonization-experiments-as_fig3_342068505

11 matches

@ www.mdpi.com/2306-5729/5/2/48/htm

7 matches

£ from a PlagScan document dated 2018-01-15 10:25

7 matches

£ from a PlagScan document dated 2021-04-12 08:27

9 matches

v [95]

v [96]

v [98]

WV [102]

22 pages, 6622 words

PlagLlevel: 8.4% selected / 19.6% overall

214 matches from 104 sources, of which 39 are online sources.

Settings
Data policy: Compare with web sources, Check against organization repository, Check against the Plagiarism Prevention Pool
Sensitivity: High
Bibliography: Bibliography excluded
Citation detection: Highlighting only
Whitelist: --


http://www.plagscan.com/highlight?doc=144240255&source=89
https://www.researchgate.net/publication/347856997_Evaluation_of_the_Potential_of_Agricultural_Waste_Recovery_Energy_Densification_as_a_Factor_for_Residual_Biomass_Logistics_Optimization
http://www.plagscan.com/highlight?doc=144240255&source=92
https://www.researchgate.net/figure/Energy-yield-and-energy-densification-ratio-of-hydrothermal-carbonization-experiments-as_fig3_342068505
https://www.mdpi.com/2306-5729/5/2/48/htm
http://www.plagscan.com/highlight?doc=144240255&source=98
http://www.plagscan.com/highlight?doc=144240255&source=102

10

11

12

13

14

15

16

17

18

19

20

21

22

Physicochemical properties and combustion kinetics of food waste derived

hydrochars

Moonis Ali Khan®*, B. H. Hameed®, Masoom Raza Siddiqui®, Zeid A. Alothman?, Ibrahim H
Alsohaimi®

Chemistry Department, College of Science, King Saud University,

Riyadh 11451, Saudi Arabia

®Department of Chemical Engineering, College of Engineering, Qatar University,

P.O. Box: 2713, Doha, Qatar

“Chemistry Department, College of Science, Jouf University, Sakaka, Saudi Arabia

Keywords: Food waste, Hydrothermal carbonization, Hydrochar, Thermogravimetric

analysis, Kinetics



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Abstract

In this work, simulated food waste (15 % white bread, 15% palm dates (without seeds), 5%
boiled egg (without shells), 20% spent tea leaves, 20% spent coffee ground, and 25% banana
peel in parts weight) was subjected to hydrothermal carbonization (HTC) at 180, 200 and 220
°C for 120 min[.6]>The mass yield and energy yield of the resultant hydrochars viz. HTC180,
HTC200, and HTC220 were 69.46, 68.50, 65.35 % and 88.91, 87.68, 84.30%, respectively.
Among the hydrochars produced, HTC220 had the highest heating value (HHV: 23.61
MlJ/kg), while the food waste had a HHV of 18.17 MJ/kg[.Z];Activation energy for the
combustion of food waste and HTC220 was determined by modelling the thermogravimetric
data using the Arrhenius equation and was found to be in the range of 29.98 to 33.51 kJ/mol
and 16.52 to 25.47 kJ/mol, respectively. The densification ratio for the three hydrochar
samples varied slightly (1.28-1 .29)[.6]1>"he results indicate that the hydrochar produced from

food waste could be a potential to substitute coal combustion.

*Corresponding Author: Moonis Ali Khan

E-mail addresses: mokhan @ksu.edu.sa; moonisalikhan @ gmail.com
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1. Introduction

Food waste is documented as one of the challenges confronting the world today with severe
impacts on the environment[.z'zl]’ile Food Waste Index Report, 2021 recently released from the
United Nations Environment Programme (UNEP) indicated that roughly 0.93 billion tonnes
of food was discarded as waste in 2019 (UNEP, 2021)[.2'21]‘>he 2015 United Nations sustainable
development agenda identified food waste as a core challenge to be addressed in order to
achieve sustainable consumption. The agenda outlined in section 12.3 and 12.5 of Sustainable
Development Goal for cutting in half per capita global food waste and significantly
minimizing waste generation respectively necessitates a sustainable approach for complete
waste valorisation besides mitigation strategies (Ishangulyyev et al., 2019).

Religious pilgrimages are one of the major global food waste generators. For instance,
annually, around 10 million pilgrims from all over the world travel to the Kingdom of Saudi
Arabia (KSA) for Hajj and Umrah pilgrimages. Trend shows a steady increase in Hajj
pilgrims from 5.6 million in 2015 to 7.4 million in 2019 (Atique and Trumalla, 2020). ‘Ihe rise
in the number of pilgrims and donation of packed and unpacked food during Hajj and Umrah
continue to increase, consequently generating large amount of food waste[.QOA> nationwide field
study estimated that the amount of food waste generated annually in KSA is about 427 kg per
person (Baig et al., 2019).

Although, increasing amount of food discarded as waste during Hajj pilgrimage puts
significant burden on the environment, it is an unexploited opportunity. Food waste is
chemically composed of varied organic compounds which are classified into carbohydrates,
proteins and lipids (Alibardi and Cossu, 2016). This makes food waste suitable to be
processed into a stable and nutrient-rich organic fertilizer, hydrochar, and value-added

chemicals. The physicochemical characteristics of food waste hydrochar obtained by
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hydrothermal carbonization (HTC) have an elemental carbon composition and heat content
up to 73% and 31 MJ/kg, respectively (Saqib et al., 2018).

Therefore, re-utilising food waste through chemical conversion processes is essential
for sustainable environmental development. The conventional food waste conversion
technologies includes torrefaction (Singh and Yadav, 2019), co-hydrothermal carbonization
(Alshareef et al., 2022), pyrolysis (Cao et al., 2019), and fermentation (Carmona-Cabello et
al., 2020). Another conventional but recently revived technology is HTC process. This
process is flexible and easily adaptable for wide range of applications.

Generally, the food waste stream of municipal solid waste in KSA contains
approximately 38.4% moisture with low heating values (Nizami et al., 2017), which makes
its incineration to be energetically inefficientEOJaompared to pyrolysis, HTC is conducted at
moderate temperature and can efficiently convert wet and heterogeneous food waste into
highly dense hydrochar, resembling coal in terms of its physical and chemical properties (Li
et al., 2013). Yan et al., (2022) carried out the HTC of kitchen food waste mixture at various
temperatures ranging between 200 and 300 °C to produce hydrochars. The HHV of the
hydrochar significantly improved from 16.4 Ml/kg to 18.33 - 20.6 MJ/kg, which was
comparable with 20 MJ/kg, specified for coal in the literature (Al-Aboosi et al., 2021)[.9]>
Additionally, HTC of the food waste mixture produced a hydrochar with an improved
physical and chemical properties compared to hydrochar derived from the HTC of the
individual component of the feedstock mixture.

Thus, HTC is a sustainable and eco-friendly tool for converting KSA food waste into
value-added products like catalyst (Abdullah et al., 2021) and adsorbents (Ashareef et al.,
2021). In this study, hydrochars were produced from simulated food waste (similar to Hajj
and Umrah food waste) through HTC process route. The physicochemical properties and

combustion Kinetics of the simulated food waste and produced hydrochars were determined.
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2. Materials and methods

2.1. Materials

Locally consumed food waste such as white bread, palm date, egg, banana, spent coffee, and
tea were collected, oven dried for a week at 60 "C, crushed and sieved to the desired particle
size (0.50-1.00 mm). Thereafter, the food samples were mixed as follows: 15 % white bread,
15% palm dates (without seeds), 5% boiled eggs (without shells), 20% spent tea leaves, 20%
spent coffee ground, and 25% banana peel in parts weight.

2.2. Preparation of hydrochar

10 g of the food waste feedstock sample was placed inside an automated hydrothermal vessel
(170 mL). 90 mL of deionized (D.I) water was added to it and mixed to obtain a feedstock to
water ratio of 10% w/w. The submerged sample was agitated at room temperature for 30 min.
Thereafter, the contents inside the reactor vessel were heated at 180 'C for 120 min under

5 °C/min heating rate. Finally, the vessel was instantly cooled to ambient temperature with
the help of cooling jacket around the vessel. The content was vacuum filtered with a filter
paper (0.45 um) and unwanted soluble species were rinsed out by D.I water. The recovered
hydrochar were subsequently oven-dried at 60°C till when there was no longer change in
mass, indicating complete dryness. Similar procedure was repeated to produce hydrochar
samples at 200 and 220 °C. The dried hydrochar samples produced at 180, 200, and 220 "C
were code named as HTC180, HTC200, and HTC220, respectively.

2.3[.4](Eha1‘acterization of feedstock and hydrochar

Mass yield, energy densification ratio, and energy yield of the produced hydrochars were

determined according to Egs. 1-3:

mass of dried hydrochar

Mass yield = X 100 (1)

mass of dried raw material

HHYV of hydrochar
HHV of raw material

2)

Energy densification ratio =
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Energy yield = mass yield x energy densification ratio 3)

[32]»
Scanning electron microscope (SEM: Hitachi, TM3030Plus, Tabletop Microscope,
Japan) at a magnification of 500X was used to examine the microstructure as well as the

surface morphology of the food waste and derived hydrochars. Prior to SEM examination,
dried samples were first gold-coated in order to obtain high-resolution images. The sample
surface functional groups were ascertained using a Fourier transmission infrared
spectrophotometer (FT-IR: Perkin- Elmer, Spectrum RXI, USA) in the range between 4000-
500 cm™.

The proximate analysis was carried out using thermogravimetric analysis (TGA:
Perkin Elmer). The elemental analysis (CHNSO) for the feedstock and the produced
hydrochars were obtained using the elemental analyser (Elementar, Analysensysteme GmbH,
Model: VARIO EL III).
2.4. Combustion kinetic analysis of food waste and hydrochar
Combustion kinetics of food waste and hydrochar was investigated using Simultaneous
Thermal Analyzer —-STA 449 F5 Jupiter, Germany. The sample (10 + O[.45”;ng) was heated
from 50 to 900 °C under oxygen environment at heating rate of 10 oC/min[.lllthe derivation for
the combustion kinetic model using the Arrhenius approach that was used for the
determination of the kinetic parameters in this work can be found elsewhere (Sait et al., 2012)

and the final equation can be expressed as

In[- =52 = In[7] - 5 o)

In(1- .1
%] against = was plotted.

From Eq. 4, the graph of In [— ;8::))] against 1; and In[—

The slope and intercept of the linearized graph should be —E /R and In[AR /BE]

respectively. Eq.4 is applicable provided the value of n is not equal to unity (1). The
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determined end value of n, must tally with the value of E with line of best fit representing the
TGA data for the values of E and A to be acceptable.
3. Results and discussion
3. 1[.4]lsood waste and hydrochar characterization
Presented in Table 1 is the moisture content of the hydrochars produced at 180, 200, and 220
OC[.3§IJ‘>he moisture content of the hydrochar samples were in the range of 3-3.3 % which makes
it suitable for storage, transport, and combustion[.oli"he moisture content of the food waste
feedstock was found to be above this range (4.63 %). Li et al[.l](>201 9) found that the moisture
content of lettuce feedstock did not affect the mass yield of the HTC derived hydrochar[j”>

The mass yield of the hydrochar samples produced at 180, 200 and 220 “C are
illustrated in Fig. 1. The HTC of the food waste produced a mass yield of 69.46% at 180 "C,
and thereafter decreased slightly to 68.5 % at 200 “C. Further, the increase in temperature to
220 °C showed a significant decrease in mass yield to 65.35 %?%’he reduction in mass yield
was due to the release of volatile matter in addition to the consecutive hydrolysis and
decarbonxylation reaction taking place during hydrochar development (Sharma and Dubey,
2020). 15 % mass yield of formulated (Saqib et al., 2018) and real complex (Sharma et al.,
2021) food waste derived hydrochars was produced under similar conditions at 220-260 ‘C
HTC range of temperature[.zzi]{}owever, the mass yield of the hydrochars developed by HTC of
apple waste from 180 to 230 C were ranged between 53 and 73% (Sudrez et al., 2020).
Generally, high temperature leads to the decomposition of hydrochar into liquid and gaseous
products (Sharma and Dubey, 2020)[.4J>

Comparing the elemental composition of the food waste mixture and hydrochars in
Table 1, it would be observed that food waste carbonization progressed and led to an increase
in the elemental carbon composition from 46.2 to 57.9% at 180 ‘C reaction temperature. It

would be further observed a slight increase carbon content of 3.2 and 0.72% was obtained
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with a rise in temperature from 180 to 200 ‘C and then 200 to 220 ‘C, respectively. Previous
study under similar experimental conditions showed the respective elemental carbon content
of 46.70 and 61.97% for real food waste and the derived hydrochar (Akarsu et al., 2019)[.2'211‘>he
slight difference noticed might be due to the difference in composition, formulation, and the
origin of food waste feedstock[.()]>

The oxygen content of the food waste and hydrochars were 35.82 and 30.7-31.7%,
respectively[.S'SI]rhe decrease in the oxygen content of the food waste after HTC process
suggests the elimination of elemental oxygen through dehydration and decarboxylation. The
magnitude of elemental oxygen from food waste obtained during current study was lower
than the magnitude (45.9%) observed by Suarez et al (2020) for discarded apple residue.
Also, the elemental oxygen was also less than 37-54 % obtained in the works of Akarsu et al
(2019) and Sharma et al (2021) on municipal food waste.

The nitrogen and hydrogen elemental content presented in Table 1, shows significant
variation between the food waste and the derived carbonized hydrochar[.m;%s the HTC
progressed, the nitrogen content in the food waste significantly increased from 3.8 to 4.8 % at
180 °C, while the HTC experiments respectively conducted at 200 and 220 C increased the
elemental nitrogen content to 4.9 and 5.0 %. This suggests the fact that de-amination of the
polysaccharide-rich date palm components present in food waste to yield ammonia did not
occur during the hydrochar formation process (Motavaf and Savage, 2021)[.3111; addition, the
observed increase in nitrogen content might be to the fact that it remains intact during oxygen
content loss. Saqib et al. (2018) however observed that the nitrogen content of prepared food
waste (5.7 %) was higher compared to the hydrochar (4.35 %) produced at temperatures up to
200 °C.

The sulphur content for both food waste and derived hydrochar was about 0.3% lesser

than the contents obtained during the current study for both hydrochars and food waste
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(Table 1). The relatively higher sulphur content may be a contribution from the egg
component in the food waste. After combustion, nitrogen and sulphur from solid fuel creates
acid that causes corrosive wear on the metal surfaces of an engine[.O]>

Table 1 also presents the proximate analysis of the food waste and hydrochars which
reveals the extent of the HTC[.OIZAfter the HTC of the food waste at 180 ‘C, an expected
increase in fixed carbon (FC) and ash content (A) from 17.57 to 37.35% and 6.47 to 7.50%
was observed, respectively. This led to a corresponding decrease in volatile matter (VM)
from 71.33to 5 1.78%[.0]§ubsequent variation in the HTC temperature of the food waste at 200
and 220 'C produced hydrochars with FC, A, and VM in the range of 30.81 - 36.88 %, 9.1 -
10.70 %, and 50.89 - 55.48 %, respectively[.{sl]"he ratio of the FC and VM which expresses the
fuel ratio of all samples was found to be less than 0.8. This value is within the range of 0.44
to 1.10 specified by Sharma et al. (2021) and Sharma and Dubey (2020) for hydrochars that
could be exploited as fuels and co-fuels in combustion systems or power plants. However, the
ash content (7.50-10.70%) of the hydrochars was high compared to the food waste precursor
(6.47 %) and may lead to slagging and fouling in the boiler when used as fuel.

Another important characteristic of fuel is the HHV which is also presented for the
prepared food waste and HTC derived hydrochar samples in Table 1. The HHV for the
prepared food waste was 18.17 MJ/kg, which is closer to 18.7 and 18.3 MJ/kg obtained for
apple (Sudrez et al., 2020) and municipal (Akarsu et al., 2019) food waste, respectively[.zi]{s
the HTC temperature was increased from 180 to 200 °C and then to 220 °C, there was a total
increment of 1.59% from 23.23 to 23.61%. This increment is low when compared to the
study on apple waste mentioned earlier where a HHV increment of 25.3% from 23.7 to 29.7

120

% was recorded. This may be due to the relatively higher temperature (230 ‘C) and longer

dwelling time (240 min) used during the study.
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Energy yields of the produced hydrochars were determined according to Eq. 2 and
were used to determine the preserved densification ratio defined as Eq. 3 and listed in Table
1. The trend already observed for fixed carbon was similarly followed for the energy yield
which decreased from 88.91 to 84.30% as the HTC temperature increased. Similar trend was
observed by Saqib et al. (2018), where the energy yield decreased from 12.81 to 10.92%[.2]>
Yet, it would be clearly observed that both the decreased extent of energy yield and the
energy yield of the hydrochar obtained in this study was higher[.3 ]\]{7hile the decreased extent
of the energy yield could be as a result of the longer residence time (2h) used, the relatively
very high energy yield obtained, may be due to the palm date component of the food waste
feedstock. Depending on the variety, date palm has an approximate gross energy ranging
between 3523.3 — 4251.5 kcal/kg (Chandrasekaran et al., 2013) which is 81.1 - 97.9% of the
net calorific value of the food waste mixture used in this study. It is therefore quite likely that
palm dates may contain larger number of high energy C-C bonds and smaller amounts of
lower energy H-C and O-C bonds, thus resulting to overall high energy yield[.%]>

The variation in densification ratio and energy yield of hydrochar with HTC
temperature are presented in Table 1. The observed energy densification ratio for hydrochar
was ~1[.226]§ and close to the value of 1.38 obtained for municipal food wastes (Akarsu et al.,
2019)[.2gnergy densification through HTC increases the amount of energy stored in food
waste in order to improve its energetic properties[.ﬂfhe energy yield of food waste and the
energy densification ratio of hydrochar largely depend on the bulk density and chemical
composition of the food wastel.A'Slj‘bhese parameters must be determined if a hydrochar derived
from a food waste feedstock is to be used as fuel. Energy densification of food waste using

. . . 2P
HTC processes increases hydrochar energy density for more efficient transport. [n summary,

it is clear from Table 1 that as both the mass and energy yield of the hydrochar decreased
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both the energy densification ratio and HHV increased. Thus, the HTC220 had the highest
heating value (23.61 MJ/kg), while food waste had the least (18.17 MJ/kg).

Fig[.412> is the Van Krevelen diagram where the oxygen-carbon (O/C) and hydrogen-
carbon (H/C) ratios of the food waste and hydrochars were plotted. It can be seen clearly that
both H/C (0.39) and O/C (0.6) ratios of the hydrochars were low compared to the ratios
obtained for raw food waste. These ratios were lowest for HTC220 and this accounted for the
close proximity of HTC220 to the region representing lignite on the diagram. This implies
that HTC of the food waste leads to a gradual upgradation into the lignite rank[.ﬂ%hus, both
reductions in the H/C and O/C with increase in HTC temperature may be the occurrence of
dehydration and decarboxylation (Sliz and Wilk, 2020). This result is similar to the finding
of Saqib et all.u(>201 8) where there was a steady reduction of the H/C and O/C ratios from
0.115 to 0.096 and 0.39 to 0.23 as the HTC temperature was elevated from 200 to 300 ‘C,
respectively[.2]>

Reduction in H/C and O/C ratios may be due to the decarboxylation reaction that took
place during the carbonization process (Sevilla et al., 201 1)[.2];‘xccording to HTC process at
elevated temperatures which advances with dehydration reactions thereby eliminating oxygen
from the initial raw biomass structure, giving rise to a decrease in the O/C ratio (Maniscalco
etal., 2020)[.15(])>n the other hand, decarboxylation during HTC removes carboxyl and carbonyl
groups, thus, leading to a drop in O/C and H/C ratio of the food waste mixture (Smith et al.,
2016).

This work further studied the variation of physical property of food waste and
hydrochar samples in terms of their appearance and texture. Fig. 3, inset shows the colour

variation of raw food waste at different HTC temperatures. It was observed that at higher

temperature, the food waste (Fig. 3a, inset) changes from dark brown colour to brownish-
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black hydrochars (Fig. 3 b—d, inset). The dried hydrochar retained its dense consistency and
lustreless appearance which indicates a mild coalification of the food waste to lignite.

A detailed SEM analysis of the food waste and hydrochars reveal insightful
information on change of the structural morphology of the food waste during HTC (Fig. 3).
The magnified SEM images show slight changes in the surface structure of food waste and
the hydrochars due to lignin loss arising from degradation and depolymerisation reactions
taking place during the hydrochar formation process. Microscopic examination of food waste
presented a surface structure that was densely packed, impervious, and fixed. After HTC, the
surface structures of HTC180 and HTC200were altered which may be consequence of the
collapse of chemical structures of the cellulose and lignin content in the food waste. The
sheet, debris and crack-like surface structure detected on the SEM image of HTC220, may be
due to further volatile releases and elimination of the hydroxyl, ketone, and aldehyde
functional groups present in the carbohydrate constituent of the food waste. Sheet, debris and
crack-like surface structures were similarly observed on the SEM images of lignite in the
investigation carried out by Tang et al. (2016).

Different food wastes have been found to have distinct surface structure under varied
operating conditions (Saqib et al[.l,3]2>018) and some of these differences in surface structure for
different food wastes are reported in the literature. A three-component food waste with high
carbohydrate content was hydrothermally carbonized at 200 °C for 6 hr. The microstructural
analysis of the surface of the derived hydrochar revealed a carbon microsphere (Tradler et al.,
2018). Another food waste with high carbohydrate content was hydrothermally carbonized at
220 °C for 1 h. The flakey-like microstructure of the food waste was metamorphosed to a
hydrochar with carbon spheres and microsphere-like microstructure after HTC. The surface
structure metamorphosis was imaginably due to condensation of the soluble product and

consecutive polymerization reaction (Sharma and Dubey, 2020). Steamed bread was also
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hydrothermally carbonized at 260 °C and reaction time of 3 h into a hydrochar. Trace
quantities of sphere-like particles were noticed on its microstructure which was imaginably
due to carbonization of its constituent starch (Feng et al., 2019)[.22]>

FT-IR analysis was carried on the food waste and hydrochar samples in order to
ascertain the functional groups that may be present on their respective surface (Fig. 4). The
FT-IR spectra showed a disappearance and shift of some absorption bands. A broad band
located on the FT-IR spectrum range of 3200 - 3400 cm™! may be assigned to the hydroxyl
group functional group[.O]lsor both the raw food waste and hydrochar samples, absorption band
at frequencies between 2852 and 2921 cm™! were due to the presence of C-H stretch of
aliphatic methylene group. These absorption bands may be evidence of contributions from
spent coffee and palm dates contained in the food waste mixturel.é'slj‘}he bands around 1700 to
1740 cm™! in the raw food waste sample can be attributed to the C=0 stretch of aldehydes
usually contained in palm dates (Bharath et al., 2020). The disappearance of C=0 bands after
HTC reveals that the carboxylic groups present in palm dates component of the food waste
mixture might have been converted to carbon dioxide and polysaccharide pieces (Robbiani,
2013). The disappearance of the C-H band implies that the aliphatic structure of the food
waste was not preserved during HTC.

The peak located at 1630 cm™! in raw food sample was widely accepted to be due
to water. This peak shifted to a lower frequency at 1602 and 1607 cm™' after HTC process[.m>
The aromatic ring related vibrations between 1500 and 1600 cm™' may be due to the presence
of C=C stretch. The aromatic ring -related vibrations of C=C stretch suggests that Maillard
reaction between the carbohydrate and egg components in the food waste led to an increased

aromatisation of transient species. This reaction could have been responsible for the increase

in the atomic nitrogen in the hydrochar samples obtained from the elemental test analysis.
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The presence of band at ~ 1455 cm™ was good evidence for =CH> stretch of
methylene, while the band around 1376 cm™ was associated with -CH3 bend (methyl). The
presence of absorption bands between 1240 and 1070 cm™! suggests the presence of C-O-C
stretching of esters. The vibration from 1200 to 900 cm™! in both the raw food waste and
hydrochar samples shows the presence of C-O-C linkage present in bread and other baked
biomass.

3.2. Combustion behaviour and kinetics

The thermogravimetric analysis was applied to study the food waste combustion behaviour
and Fig. 5a presents the plot of TG and DTG versus temperature for feedstock waste.
Evidently, the combustion of the food waste started from 59-159 “C where a 4.6 wt. % weight
loss was recorded within the temperature range. The recorded weight loss may be due water
evaporation. The combustion of the feedstock advanced in distinct stages as seen in the DTG
curves. The DTG curve for food waste reveals three peaks within a temperature ranging from
50 to 383 'C. The maximum weight loss rate recorded within this temperature range was 4.6
%/min which corresponds to 47.2 % weight loss. At 750 ‘C, where there was complete
conversion of food waste to elemental carbon, 6.68 % solid residue in the form of ash was
left.

The combustion of mixture of the food waste observed by the DTG result showed a
three-peak combustion process. The food waste mixture may be characterized as fruity (tea
leaves and banana peels), woody (palm dates and spent coffee) and edible (bread and egg)
biomass. Thus, these ingredients present in the food waste contain different amounts of
hemicellulose, cellulose, and lignin[.o]>

The first peak of food waste combustion at 106 °C is believed to be the effect of water
evaporation of the food waste mixture or combustion of the high volatile content white bread

and egg component of the food waste. The second combustion peak at 201 °C is imagined to
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be the effect of combustion of the bread and egg volatiles and banana peel/spent tea leaves
biomass char. The third combustion peak of the food waste at 293 °C is linked with the
combustion of palm dates and spent coffee char[.u?he observed maximum rates of mass loss
occurring at higher temperatures in peak 3 was attributed to combustion of palm dates and
spent coffee because of its woody nature or relatively high lignin content.

For HTC220 sample, the TG and DTG versus temperature plot, displayed in Fig. 5b
showed significant variation in weight loss. As seen in the DTG plot, the peak temperatures
for the HTC220 were 84.4 and 330 °C for peaks 1 and 2, respectively. In a similar work
carried out on lignite samples (Mo et al., 2020) observed peak at 95 "C and other peak was
located between 105 and 350 °C on TG curves. The first and second peaks were attributed to
the occurrence of water evaporation and simultaneous oxidation/devolatilization reaction
respectively. It was noted that the number of DTG peaks for raw food waste reduced from 3
to 2 after HTC. The observed reduction of DTG peaks after HTC-220 may be due to
diminished volatile matter content, degraded lignin structures and enhanced fixed carbon
content of the hydrochar[.l"Fhe second DTG peak of HTC220 was very broad (indicating a
gradual combustion reaction of the char) compared to the sharp nature of the first peak which
reveals the occurrence of a rapid or flash combustion process.

The TG plot of the hydrochar (Fig.5b) showed the highest drop in weight of 53.9 wt.
% within the temperature range of 330-670 "C. The initial degradation temperature for the
HTC was around 96.4 "C, but it was delayed for feedstock from 154 to about 250 "C[.zél]“ilis
could be due to the higher proportion of moisture contained in the food waste was relative to
the hydrochar. The combustion of HTC220 can be described as a two-stage process based on
the peak identified on the DTG plot. The first stage of combustion of HTC220 was observed
in the 50-170 "C temperature range, while the second stage of the combustion stage was

noticed between 170 and 700 "C temperature.
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The activation energies for food waste feedstock and hydrochars corresponding to
each peak earlier detected are listed in Table 2. The activation energy of the feedstock was
found to be in range of 29.98 to 33.51 kJ/mol. Judging from the kinetic plots (Fig. 6), the
Arrhenius equation model reasonably describes the combustion reaction of both food waste
feedstock and hydrochars. The respective activation energies of the feedstock were 33.51,
24.02, and 29.98 kJ/mol for peaks 1, 2, and 3. The fluctuating trend of the activation energy
across the three peaks indicate that the combustion of food waste and hydrochars occurring at
different stages involve different mechanism.

Two peaks were noticed for the hydrochar and the respective activation energies
calculated for the first and second peaks were 25.47 and 16.52 kJ/mol. The reduction in
activation was observed by Saqib et al. (2018) where the activation energy of the hydrochars
prepared under similar conditions were reduced from 56.78 to 47.38 kJ/mol from first peak to
second peak[.zgl]‘bhis reduction in activation energy in both feedstock and hydrochar sample may
be attributed to the catalytic effect of inorganic species present in the hydrochar (Smith et al.,
2016). However, in another related study on combustion of lignite samples, the activation
energy of hydrochar increased 59.95 to 69.49 kJ/mol with increase in HTC temperature from
270 to 330°C (Mo et al., 2020).

It can be inferred in Table 2 that HC220 showed an early liberation of energy in
contrast to raw food waste during combustion with activation energy of 25.47 kJ/mol and
16.52 kJ/mol in contrast to 33.51 kJ/mol and 24.02 kJ/mol for feedstock in peaks 1 and 2,
respectively. This indicates that the hydrochar may be mixed with low rank in order to reduce
its ignition temperature. Similar view was asserted by Gupta et al[.21(>2020) based on an
outcome of an investigation which revealed that the activation energy of the real food waste
was 82 kJ higher than the derived hydrochar at 200 "C.

4. Conclusions
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Hydrochars produced from simulated food waste (similar to Hajj and Umrah food waste)
through HTC process route has been carried out[.O]:Fhe results showed that with increase in
temperature, the mass and energy yields of the hydrochars decreased, while the energy
densification ratio and HHV of hydrochars increased. Furthermore, the hydrochar produced
at 220 °C had the HVV of 23.61 MJ/kg, which was a significant improvement compared to
the HHV of 18.17 MJ/kg, obtained for food waste precursor. The combustion kinetic showed
that the energy required to start the combustion reaction for hydrochar (25.47 kJ/mol) was
lower compared to the energy (33.51 kJ/mol) required for a reaction with raw food waste.
Hence, the results conclude that the reported strategy could be an effective alternate to

convert Hajj and Umrah food waste to a value-added solid fuel.
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