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Abstract: The utilization and recycling of biochar from coffee husks is a global
issue, as 1.8 million tons of coffee husks were produced in 2023. The mechanism
of coffee husk pyrolysis and the factors influencing pyrolysis temperature and
time on the properties of biochar were studied. Coffee husks were pyrolyzed at
350, 450, and 550 °C and held for 30, 45, 60 min to form biochar, the
physicochemical properties of biochar were characterized by thermogravimetric
analysis, X-ray diffraction, surface morphology, and Fourier-transform infrared
spectroscopy. The pyrolysis of coffee husks occurs due to dehydration,
decomposition, and carbonization reactions. Pyrolysis temperature and time
directly affect the yield of biochar, pH, fixed carbon, volatile matter, ash,
nitrogen, phosphorus, and potassium contents. Furthermore, pyrolysis
temperature has a greater influence on the properties of biochar than pyrolysis
time. The high potassium content of biochar can significantly replace
conventional potash fertilizers. Therefore, biochar plays a dual role as a liming
agent and can be used as a soil additive.

Keywords: pyrolysis mechanism; biochar properties; nitrogen content; phosphorus
content; potassium content; soil additive.

INTRODUCTION

Over five billion tons of agricultural by-products are generated annually.!
However, these agrarian by-product utilization options account for a small part
because they are costly, laborious, and time-consuming.>? In the Central Highlands
of Vietnam, agricultural by-products are often landfilled, stored on soil, and direct
combustion after the end of the harvest season.* These irreparable environmental
effects, such as increased emissions of CH,, N,O, CO,, loss of nutrients and soil
fertility, and soil and groundwater pollution, affect human health and cause global
warming.>> The conversion of agricultural by-products such as coffee husks into

* Corresponding author. E-mail: huong93mta@gmail.com
https://doi.org/10.2298/JSC241002005N
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biochar as soil improvement additives provides nutrients to plants such as trace
and macroelements, helps plants photosynthesize, and increases the sugar content
of fruits.*”® In addition, biochar is a carbon-rich material, which increases soil
carbon storage, is biodegradable, some heavy metals convert to less toxic forms,
eliminates pathogens, increases cation exchange capacity, increase pH, reduce
compaction, and increase soil water holding capacity %1112

Biomass from agricultural, industrial, food, and forestry waste produces
biochar."® This biochar is produced by pyrolysis of biomass under temperature
conditions from 350 °C to 600 °C and an oxygen-deficient environment.'*!* The
products of the biomass pyrolysis process, in addition to biochar, also include bio-
oil and gas." In 2023, Vietnamese coffee will be harvested at 29.2 million 60-kg
bags, while world coffee will be 168.2 million 60-kg bags, meaning that
Vietnamese coffee accounts for 17% of global production, and is the second largest
coffee producer in the world.'® Since coffee husks account for about 18 % of the
weight of fresh coffee cherries, more than 1.8 million tons of husks will be
produced worldwide in 2023.1718

This by-product is currently less reused as a raw material for the biochar
production process. Biochar characteristics depend on factors that affect the
quantity and quality of charcoal production, namely temperature and pyrolysis
time." Various studies have compared the efficiency of biochar generated at low
and high temperatures for soil reclamation.”*! However, the effects of coffee husk
pyrolysis on temperature and time are still unclear. Furthermore, the pyrolysis
mechanism of coffee husks has been little studied in previous studies due to the
complex reactions and mechanisms.'>* Determining the structure of biochar is
also very important to clarify coal's physical and chemical properties.'

This research focuses on determining the biochar structure through TGA,
XRD, FE-SEM and FTIR techniques and evaluating the physicochemical
properties of biomass and biochar derived from coffee husks at different
temperatures and pyrolysis times. Moreover, the mechanism of pyrolysis of coffee
husks is also proposed.

EXPERIMENTAL
Reagents

o-Phenanthroline monohydrate (C;,HsN,.H,O, > 99.5 %, Merck, Germany). Sulfuric acid
(H2SO4, > 95 %) and ethanol (C;HsOH, > 99.8 %) from Fisher, UK. Nessler reagent, 2,4-
dinitrophenol (CsHsN,Os, > 99 %) from Alpha Chemika, India. Hydrochloric acid (HCI, 37 %),
potassium dichromate (K,Cr,O7, >99.8 %), phosphoric acid (H;PO4, > 85 %), nitric acid (HNO;
concentrate, > 65 %), iron (II) sulfate heptahydrate (FeSO4.7H,0, > 99 %), ammonium iron (II)
sulfate hexahydrate (FeSO4(NH,),SO4.6H,0, > 99.5 %), sodium hydroxide (NaOH, > 96 %),
boric acid (H;BO;, > 99.5 %), methyl blue (C3;H27N3Na,OoS;, > 98.5 %), methyl red
(CysH;5N30,, > 95 %), ammonia solution (NH4OH, 27 %) from Xilong, China. 0.1 mol/L HCI
standard tube (Cemaco, Vietnam) and ultrapure water (Milli-Q Reference, Millipore, France).
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Equipment

Analytical weighing (Shimadzu Auw220d, Japan), Drying cabinet (HN101, China); Sift
(hole size 0.22 mm), Kiln (SX2-5-12, China), Ball mill (Retsch PM100, USA), pH measuring
equipment (Mettler Toledo S220K, China), Distillation equipment UDK 139 (Velp,Italy), UV-
Vis measuring equipment (Shimadzu 19001, Japan), Flame photometer (FP6400, China).

TGA analysis using the Netzsch TG 209F1 Libra thermal analyzer (Netzsch Instrument
Corp., Germany) in a nitrogen medium with a heating rate of 10 °C/min from a temperature of
30 °C to a final temperature of 800 °C with samples weighing about 5 mg to determine the
thermal decomposition properties of coffee husks. Then, the first-order derivative of the TG
function, the DTG curve, is used to determine the mass loss in the temperature range.

X-ray diffraction analysis is performed to detect all mineral phases and chemical structures
present in biochar. Powdered biochar samples were fed into glass dishes and analyzed on the
D8-Advance instrument (Bruker, Germany) with Cu Ka radiation (wavelength about 1.5418
A), measurement range 26 from 10° to 70°, with a jump 0f0.03°. Mineral phases are determined
by comparing and contrasting distances d with the ICDD standard database system.

The surface morphology of biochar samples was measured using a FE-SEM scanning
electron microscope device (JSM-IT800, Japan). Samples were dried at 70 °C in an oven before
SEM measurements.

Coffee husks, crushed biochar with KBr, pellets, then FTIR measurement on the Tensor II
instrument (Bruker, Germany), wavelength range 400 to 4000 cm™, with a resolution of 1.4263
cm™ with 16 scans.

Raw material preparation and biochar production

Coffee husks of the Robusta variety (Fig. 1) are collected from households in Ea Tan
commune, Krong Nang district; Dak Lak province. The sampling location is 13.10° N, 108.30°
E, and transported to the experimental site, the Institute of New Technology. After being
separated from the ripe coffee cherries, the coffee husks were dried on a tarpaulin for 5 days,
avoiding direct sunlight. Then, the coffee husks were manually removed from impurities such
as dry branches and filtered through a 3 mm sieve to remove soil. Oven-dried coffee husks were
done at 70 °C for 8 hours. The samples were stored in sealed plastic containers at room
temperature.

Biochar from seed husks is said to work well with soil when pyrolysis is at temperatures
not more excellent than 550 °C, so this study selected temperatures of 350 °C, 450 °C, and 550
°C o conduct.” Nine types of biochar are produced from coffee husks with three pyrolysis
temperatures (350, 450, and 550 °C) and pyrolysis time (30, 45, and 60 minutes). Before
pyrolysis, coffee husks are dried at a temperature of 70 °C. In each pyrolysis process under an
anoxygenic atmosphere, approximately 160 g of biomass mass was used. The final pyrolysis
temperatures reached 350, 450, or 550 °C with a constant heating rate of 10 °C/min. The biochar
samples were held for 30, 45, or 60 min at a final temperature, and then allowed to cool to room
temperature. After that, the biochar samples are crushed by a ball mill for 1 hour at 300 rpm.
After grinding the marbles, the samples are sieved through a 0.22 mm grid and dried at 70 °C
for low humidity before analysis. The particle size of coffee husks is essential in the resulting
biochar properties and affects the concentration of volatiles during pyrolysis.”*?* To address
concerns related to particle size, the biochar in this study had a particle size no larger than 0.22
mm to increase uniformity in analysis.
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Fig. 1. The process of biochar formation

Characteristic assessment of properties of biochar

Biochar from coffee husks is characterized by pH, moisture content, performance, volatile
solids content, ash, fixed carbon, calcification value, organic carbon, total nitrogen, phosphorus,
and potassium.

The pH of biochar is determined according to ISO 10390:2021 by pH measuring
equipment in water at 1:5 (v/v) immediately after shaking the sample for 1 h.

The moisture content of the biochar is obtained by drying about 5 g of the sample
(recording the weighing mass before drying, my) in the drying cabinet at 70 °C to constant
weight, and then weighing the mass after drying (m;) to calculate the result according to the
Equation (1).

Humidity % = ~--oos) (1)
0

Volatile solids, ash, and fixed carbon are defined according to ASTM D1762-84 (2021).
Biochar samples are placed in a covered crucible in a furnace at 950 °C for 6 minutes. Mass
loss is associated with volatile material (DBH). That biochar is returned to the kiln at 750 °C
for 6 hours. The material remaining after burning is ash. The fixed carbon content is determined
by Equation (2).

Fixed carbon (%) = 100 - DBH - Ash )

The biochar calcification value is determined by acid-base titration using Equation (3).%
Weigh 0.5 g of biochar and 20 mL of shake for 2 hours, then titrate with 0.1 mol/L HCI to the
endpoint with pH = 2.0. To ensure that the pH of biochar is stable at 2.0 after 12 hours of
equilibrium, the pH is measured again and adjusted with the above HCI solution if necessary.
The volume of acid used and the pH value are recorded.

Calcification value = total volume of HCI reaches stable value/pH range (3)

The total nitrogen content is determined by the Kjeldahl decomposition and distillation
methodin 3 stages: conversion of nitrogen compounds in the sample into ammonium by H,SO,
and catalyst (K,SO4 and Se) (stage 1), followed by distillation of ammonium by 40 % NaOH
solution (stage 2), collect NH; (stage 3) with a solution of boric acid.*® Stage 1: Weigh about 2
g of sample, add 1 g of catalyst (ratio of K,SO4 and Se to mass is 100:1), gradually increase the
temperature to 200 °C, keep 200 °C for 120 minutes, continue to increase the temperature to
350 °C for about 60 min (until the white smoke is gone, the sample solution is clear), cool, add
50 mL of water, boil 10 minutes, add water until the volume of solution is 200 mL (solution A).
Stage 2: Distillation of 30 mL of solution A using distillation equipment UDK 139 yields
solution B. The installation mode of UDK 139 equipment is 50 mL H,O, 50 mL NaOH 40 %,
and 5 min. Solution B dissolves with 25 mL of 5 % boric acid. 25 mL of 5 % boric acid contains
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0.5 mL of methyl blue-methyl-red color indicator. Ammonium was determined in the mixture
using Nessler's reagent. The final stage: Titrate solution B with HC1 0.2 N. The nitrogen content
is calculated by the Equation (4). In particular, Vi, and V, are the volume of HCI 0.2 N used
for titration of the test sample and the white sample (mL), and m is the mass of analyzed biochar
(€92
N = 228020 cest Vo) )
The phosphorus content is determined by Equation (5) according to the molybdenum blue
method measured by UV-Vis.2” About 200 mL of 2 % citric acid solution contains 2 g of sample,
shake for 60 minutes, filter through green tape filter paper, and obtain solution A. Take 20 mL
of solution A, 1 mL H,SO,4, 1 mL H,O, boil slightly for about:30 minutes, add 10 mL of thick
HNO;, boil slightly until almost empty, cool, add 10 mL of water, boil 5 minutes, add water so
that the volume reaches 50 mL (solution B). Measure optical absorption at a wavelength of 720
nm on a UV-Vis measuring device by preparing a solution before measuring as follows: The
mixture has 5 mL of solution B, 5 mL of water, 2 drops of indicator o dinitrophenol, drip drops
of 10 % NH,OH until the solution turns yellow, then drip a few drops of 10 % HCI for all
yellow, add 8 mL of molybdenum blue mixture, add water until the solution has a volume of 50
mL. Construct a calibration representing the correlation between photoadsorption and standard
phosphorus solution concentration. Where Abs is the optical adsorption, m is the mass of
analyzed biochar (g).
0.5(0.5114A4bs-0.0054)
m

P% = %)

The potassium content is determined by a flame photometer with an extraction solvent of
0.05 N HC1.”® The potassium content is calculated by the Equation (6). In particular, K; and K,
are the potassium concentration in the sample and the white sample (mg/L), respectively, and
m is the mass of biochar analyzed (g).

0fs — Kl'KO
K% = 42.768m (6)

Statistical analysis

The data is analyzed for variance analysis (ANOVA) to find significant differences
between factors such as pyrolysis temperature, pyrolysis time, and their interaction. The test
result reaches the F probability level of 0.05. All data is used using Origin (Software Origin,
Version 9.85, OriginLab Corporation, Massachusetts, USA) for data analysis and graphing. The
acronym T350-30 means that coffee husks are pyrolysis at 350 °C, and when it reaches 350 °C,
they calcine for 30 minutes.

RESULTS AND DISCUSSION

Influence of pyrolysis temperature and time on biochar performance

The resulting biochar yield is calculated as the ratio between the volume of
biochar obtained and biomass. The biochar yield decreased with increasing
pyrolysis temperature (Fig. 2a). This is explained by the fact that as the temperature
increases, moisture loss occurs, and large amounts of volatile organic compounds
are released, resulting in a decrease in the volume of biochar formed.>* The 300-
450 °C coal formation process produces an immense amount of coal biomass,
consistent with the results of DTG spectroscopy and other research.*’ The increase
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in pyrolysis time on the same low pyrolysis temperature (at 350 °C and 450 °C)
also reduces the biochar yield (Fig. 2a) since the higher temperature leads to more
cracking reactions occurring that change the internal structure and surface of
biochar, similar to Hu and Das's reports.*>*!

Influence of pyrolysis temperature and time on the pH of biochar

The increased pyrolysis temperature and time cause the pH of biochar to
increase. Overall, the pH value of biochar is higher than 9 (Fig. 2b). This is
explained by the relative concentration of non-pyrolyzed inorganic elements
already present in the original coffee husk, the cations in the ash are enriched, the
loss of acid functional groups, and the formation of oxides, hydroxides, alkalis
such as Ca-Mg-bearing K, Na-, carbonate mineral phases and reduced
concentration of functional groups on acidic sutfaces.'** Compared to the pH of
coffee husks (pH = 6.5), pyrolysis increases the pH in water, and the pH value
increases to 3.5 units of biomass when pyrolysis is at 550 °C (Fig. 2b). The pH
value of biochar increases with increasing pyrolysis temperature, which has been
reported with biochar from rice straw and sawdust.'”**> Among biochar, the highest
pH value was recorded in pytolysis coffee husks at 550 °C for 60 minutes, and pH
was 10.1.

To produce biochar with pH = 10, a 57 % increase in pyrolysis temperature
(from 350 to 550 °C).is necessary. However, doubling the time (from 30 to 60
minutes) at the same pyrolysis temperature of 350 or 450 °C) still cannot produce
biochar with a pH of around 10. This shows that the pyrolysis temperature has a
more significant influence on the pH of biochar than the pyrolysis time.

60 —‘\‘&/‘ 10.14 re "
ssd a) w04 b)
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Fig. 2. (a) Biochar performance is obtained at different temperatures and pyrolysis times; (b)
pH of biochar at different temperatures and pyrolysis times
Influence of pyrolysis temperature and time on the content of elements (N, P, K) of biochar

The pyrolysis temperature and time values of coffee husks are directly
proportional to the content of phosphorus, and potassium and inversely
proportional to the nitrogen content of biochar (Fig. S1). Sometimes, the
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temperature and duration of pyrolysis increases, and the nitrogen content
decreases. This result is consistent with the research of Das and Pariyar.>'* This is
explained by the volatility of nitrogen during pyrolysis, which causes nitrogen
loss.'"* When using biochar to fertilize crops, additional fertilizers, ‘especially
nitrogen, should be applied to avoid nitrogen fixation in the soil and maintain soil
fertility. However, N fixation can be a beneficial mechanism to minimize N,O
emissions and reduce the amount of N leached from soil** Notably, all types of
biochar contain significant amounts of phosphorus (Fig. S1). This may be due to
the interaction process between organic compounds and PO.", producing a
precipitate of phosphorus oxide.” The high potassium content in coffee husks (Fig.
S1) can significantly replace the conventional source K, which serves as a slow-
release fertilizer K, indicating these biochars' high agronomic value.'? The high K
content in biochar (Fig. S1) is mainly because carbonates and oxides of K are more
soluble in water than carbonates and oxides of Mg and Ca.> Biochar pyrolysis
occurs at low temperatures and takes less time, and nutrients such as K and P
dissolve in acid lower.” Nitrogen, phosphorus, and potassium help biochar play a
role in adding minerals to soil and plants.

Influence of temperature and pyrolysis time on the physical properties of biochar

The higher the temperature and pyrolysis time of coffee husks, the higher the
fixed carbon and ash content while reducing biochar's volatile content (Fig. S2).
In addition, Fig. S2 shows high fixed carbon content in biochar samples (85.67 %)
and high volatile matter content in coffee husk samples (80.66 %). Coffee husks
and biochar have different moisture contents.

Fig. S2 shows apparent differences in ash content between biochar samples.
The ash content in biochar ranges from 12.68 to 22.51 %. The high ash content in
biochar from coffee husks can be attributed to the high content of K (4.29 %) in
biomass (Fig. S2) to protect the composition of organic substances and the
structure of biochar during pyrolysis.*® High ash content is associated with
KHCO;, verified by XRD analysis (Fig. S2). The fixed carbon content is inversely
proportional to the ash content (Fig. S2). However, all are below 9 % (Fig. S2),
sufficient for determining the content of volatiles, ash, and fixed carbon.*® The
moisture content in the samples can be thought to be the free water content, the
amount of desiccant water present in the cell wall, and linked to hydroxyl groups.'*
That characteristic makes biochar from coffee husks a potential material to
increase the acidity neutralization ability of the soil to overcome the acidity of the
soil.

Coffee husks have a high volatile matter content (80.66 %), which makes
pyrolysis occur faster (Fig. S2), similar to Yousef's report when studying
mangoes.® The volatile content of biochar decreases when the pyrolysis
temperature increases from 450 °C to 550 °C (Fig. S2). This is explained by the
increase in aromatization, water evaporation, low molecular weight hydrocarbons
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and increased hydroxide and carbonate content, the presence of lignin that can
resist thermal decomposition at temperatures of 450 °C, but not at temperatures as
high as 550 °C.*” The magnitude of the volatile matter content in biochar is a vital
attribute for evaluating the C and N-cycle bioavailability of biochar in the soil
ecosystem.

The ability to neutralize acidity was assessed through the reduced calcification value of
biochar with increasing temperature and pyrolysis time of coffee husks (Fig. 3c). That said,
soil acidity is judged by calcification value and pH. In addition, at any temperature, the
pyrolysis of coffee husks has a higher calcification value than other types of biochar, which is
related to the high concentration of minerals present in biochar, especially KHCOj; found in
XRD spectroscopy (Fig. S2).% Therefore, the calcification value of biochar is mainly adjusted
by the ash content of coal, chemical composition (especially basic cations), and pH of
biochar. This characteristic should be considered when applying biochar to the soil to adjust
soil acidity.

Spectral characteristics

The TGA technique has been used to determine coffee husks' decomposition
temperature and evaluate coffee husks' kinetics and other reactions over a wide
temperature range of 0-800 °C (Fig. 3b). The TG curve clearly shows these phases
(Fig. 3b, black). The DTG curve of coffee husks is used to determine the main
composition of biomass during thermal decomposition (Fig. 3b, red).

The thermal decomposition process of coffee husks is divided into three main
stages: dehydration, decomposition, and coalization. The dehydration stage and
low weight volatiles from room temperature to 190 °C. Water evaporation causes
disruption of bonds and the formation of hydroperoxide groups, -COOH and -
CO.* The initial 6.92 % weight loss was attributed to the moisture content of the
coffee husk sample, as noted rice husk.” The stage of decomposition of
hemicellulose, cellulose, and a small fraction of high lignin is from 190 °C to 450
°C, forming into biochar, bio-oil, and gas. The most prominent degradation peak
of coffee husks is 307.3 °C. Coffee husks cannot be used for synthetic applications
as they are high thermal strength material, and they will decompose when the
processing temperature is more significant than 190 °C. This situation is common
in food waste such as mango peels, bagasse, bean husks, and corn stalks.'>* Above
450 °C, thermal decomposition occurs more slowly due to the slow decomposition
of lignin and carbon-containing solids. The heating rate increases, resulting in a
shift of the TG curve to a temperature of 800 °C due to better heat transfer to the
inside of the coffee husk. Fig. 3b shows that hemicellulose, cellulose, and lignin
have decomposition temperature ranges corresponding to 3 characteristic peaks at
204 °C, 307 °C, and 529 °C, consistent with the Chin-Pampillo report.”* In
summary, the thermal decomposition mechanism is necessary to determine the
change in biochar's physicochemical properties and its application.

XRD of biochar samples from coffee husks at different temperatures and
pyrolysis times to determine the mineral composition in crystalline form in biochar
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(Fig. 3c). Peaks at 20 = 40.6445° are thought to be the presence of KCI. The
presence of SiO, is also found from peaks at 20 = 49.2262°; 60.6585° in XRD
spectrum. The peak of Si0, is more substantial at the pyrolysis husk at 450-550 °C
and for 45-60 minutes (Fig. 3c). Biochar at three pyrolysis temperatures containing
KHCO;, Si0O,, and KCI was also observed report on weeds and on rice straw.>>
The sharpness and peak intensity of the peaks increased slightly as the temperature
and pyrolysis time increased, indicating that the crystalline mineral content evenly
increased in biochar. Pyrolysis temperatures above 450 °C and pyrolysis times
above 45 minutes appear stronger peaks, indicating that part of the cellulose's
crystal structure has been lost, similar to a different report.*’ Peak magnitude at 20
= 24.1345°; 29,8655° 31.1424° shows the relative accumulation of KHCO; in
biochar from coffee husks (Fig. 3¢). The formation of KHCO; is facilitated by the
reaction of K and CO, released during the thermal decomposition of hemicellulose
and cellulose. The increased KHCO; content can also be explained by the high
carbon content in coffee husks' biochar.

FE-SEM results show that coffee husks and biochar have rough surfaces and
most of them have irregular shapes (Fig. 3a). The more you increase the pyrolysis
temperature and the pyrolysis time, the biochar surface becomes smoother, the
number of pores increases, the pore size increases and has a somewhat honeycomb-
like structure, so the biochar has greater porosity (Fig. 3a). At a pyrolysis
temperature of 450 °C and. a pyrolysis time of 60 minutes, biochar has a more
porous structure, rougher surface, and larger pore size. The pores on the biochar
surface help microorganisms grow and the porosity of biochar helps increase water
retention.*! This is explained by the evaporation of water and volatile substances.**

FTIR spectroscopy of biomass and biochar obtained at different temperatures
and pyrolysis times is shown in Fig. 3d. Table S1 presents the characteristics of
the functional groups. Fig. 3d shows the peak characteristics of coffee husks' firm,
medium, and weak decomposition before and after pyrolysis at 350, 450, and 550
°C for 30, 45, and 60 minutes. With increasing temperature and pyrolysis time, the
base content of the functional group in the aromatic ring increases, while the
content of acid-containing groups (-OH of phenol and C=0) decreases. Organic
groups exist, even at high pyrolysis temperatures and long pyrolysis times, which
may be associated with high ash content. Ash acts as a heat-resistant component,
which can protect organic compounds against decomposition and hinder the
formation of aromatic compounds as the temperature and pyrolysis time increase.”
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Fig. 3. (a) FE-SEM of biochar samples (3000x magnification); (b) Thermal analysis TG
(black line) and DTG (red line) of coffee husks; (c) XRD patterns of biochar; (d) FTIR
spectrum of coffee husks and biochar types from coffee husks at different temperatures and
times

CONCLUSION

Robusta coffee husks are the raw materials used to make 9 types of biochar,
using temperature and pyrolysis time control processes. Increasing temperature
and pyrolysis time reduce biochar generation performance, volatiles, surface
functional groups, nitrogen content, and increased pH, ash content, fixed carbon,
organic carbon, phosphorus, and potassium. Moreover, the pyrolysis temperature
dramatically affects the pyrolysis time on the above characteristics of biochar.
Biochars are characterized by high calcification value, which makes them a
potential material for regulating soil acidity. This biochar serves as a source of P
and K for plants. The more the temperature and pyrolysis time increase, the more
stable and precise the phase structure of KHCOj;. With increasing temperature and
pyrolysis time, the base content of the functional group in the aromatic ring
increases, while the content of acid-containing groups (-OH of phenol and C=0)
decreases. Thus, biochar plays a dual role as a liming agent and a source of
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nutrients for the soil to grow crops. Biochar is made at 450 °C for 60 minutes for
the best, energy-saving, and environmentally friendly nutritional content.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website:
https://www.shd-pub.org.rs/index.php/JSCS/article/view/13070, or from the corresponding
author on request.
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HU3BO[J

YTHULIAJ TEMIIEPATYPE U BPEMEHA ITHPOJIM3E JbYCKE KA®E POBYCTA HA TIPUHOC
W KAPAKTEPUCTHKE [MPOU3BOIA

THI THU HUONG NGUYEN, NGOC TOAN VU, HONG MINH LE, HONG SON NGUYEN
omoupuspegnu paxyninenn, Ynusep3uiie y Beoipagy, Hemawuna 6, 3emyn, Cpouja, *Xemujcxu
Qaxyninei, Ynusepsuiieini y Beoipagy, Cinygeniucku wipi 12-16, Beoipag, Cpouja, 3Institute for Geology and
Geochemistry of Petroleum and Coal, RWTH, Lochnerstr. 4-20, Aachen, Germany, *®axynitieiti 3a puuuxy
xemujy, Ynusepsuitiewi y Beoipagy, Cinygentmcku wipt 12-16, Beoipag, Cpduja u *HHCTIUTIYT 30 XeMUjy,
exnonolujy u metmanypiujy, Hayuonannu unciiutiyiw Petiyonuxe Cpouje, Fbeiowesa 12, Beoipag, Cpouja.

Kopuuthewe 1 peLivkiaxka O0M0yT/ba U3 JbycKH Kade je odamHo MUTamke, C 003UpOM Ja je
2023. roguHe mpousBeneHo 1,8 mMHIMOHA TOHA Jbycku Kade. [IpoyyaBaHM Cy MeXxaHH3am
NUponu3e JBycke Kade U (pakTopy Kao LITO Cy TeEMIIEpaTypa U BPEME NUPOJIM3€e KOjU yTHUY Ha
cBojcTBa Onoymba: Jbycke on kade cy nuponusosane Ha 350, 450 u 550 °C u gpxane 30, 45, 60
MUHYTa Ha J1aToj TemreparypH, na ou ce ¢opmupao duoyrasms, a (pU3NIKO-XeMHjcka CBOjCTBA
Ouoyrpa cy okapakTepUcaHa TEpMOTPaBUMETPHjCKOM aHaIM30M, PEHIOTEHCKOM JUMpaKIjoM,
UCIIUTUBAKEM MOPGOJIOTHje NMOBPIIMHE W MH(PALPBEHOM CIEKTPOCKOnujoM ca PypujeoBom
TpaHcdopmanujom. [Tuponusa jbycku kade HacTaje ycien peakiyja fexyunpalyje, pasiaramba 1
KapboHusauuje. Temneparypa U BpeMe NMUpOIM3e OTUPEKTHO yTUUy Ha MpHUHOC duoymka, pH,
(pUKCHU yITheHHK, UCTIap/bUBE MarepHje, remneo, a3oT, ocdop U camprxaj kanujyma. Ocum Tora,
TEMIIEpaTypa NMUpOIU3e UMa Beh yTHIlaj Ha CBOjcTBa OMOYI/bA HETO BpEME MUPOJU3E. Bucok
cajprkaj KaiardjyMa y OMOyIJby MOXKE Y BEJIMKOj MEPH fia CITy KM Kao 3aMeHa 38 KOHBEHITMOHA/IHA
Kasujymosa hybpusa. 36or Tora, droyrams urpa ABOCTPYKY ysory kao ,liming* areHc, u moxe ce
KOPHUCTHUTH Kao I0iaTaK 3EMJBHILITY.

(ITpumspeHo 2. oxtodpa 2024; pesugupaHo 10. oxtodpa 2024; mpuxsaheHo 10. janyapa 2025.)
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