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Abstract

Torrefaction or hydrothermal carbonization processes were compared for con-

version of olive pulp into metallurgical reducing agent. The dependence of

yield, CO2 reactivity, and mechanical properties to reaction time and heat

treatment temperature was investigated. Hydrochar yield increased with in-

creasing residence time and the maximum solid yield was observed for a resi-

dence time of 15 h. On the other hand, CO2 reactivity slightly decreased with

increasing heat treatment temperature at a residence time of 2 h. Notably,

the CO2 reactivity of hydrochar was less than that of olive pulp char produced

by torrefaction, approximating that of carbon-based reducing agents derived

from non-renewable resources. An additional heat treatment improved hy-

drochar pellet durability to greater than 95 %, whereas stable torrefied char

pellets could not be produced under any set of conditions. Hydrothermal
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carbonization is superior to torrefaction for production of renewable reduc-

ing agents with reactivity and mechanical properties comparable to those

afforded by reducing agents from non-renewable sources.

Keywords: olive pulp, hydrothermal carbonization, mechanical durability,

CO2 reactivity, electrical conductivity

1. Introduction1

Metallurgical conversion of oxides to their base metals is responsible for2

about 10 % of all CO2 emissions worldwide [1, 2]. Similar to replacement of3

petroleum with biofuels, replacement of fossil fuel-derived reducing agents4

with renewable versions derived from waste biomass can reduce metal pro-5

cessing emission. In addition to CO2 emissions reductions, replacing fossil-6

based coke with biochar can improve off-gas quality by decreasing the SOx7

and NOx emissions from the steel and ferroalloy industries [3–9]. Current8

metallurgical production relies on fossil-based materials because the use of9

biomass-ore pellets in the reduction process can increase the overall power10

consumption by 72-152 kWh per tonne of FeMn, thereby increasing process-11

ing costs [10]. However, optimizing biochar’s material properties to improve12

its electrical conductivity and retain acceptable reactivity might reduce total13

production cost [11]. The challenge then is identification of low cost biomass14

sources and energy and cost efficient methods for converting these biomass15

sources into effective reducing agents [12].16

Regional differences in biomass availability [12] translate into differences17

in metallurgical practice. Ireland is one of the least forested countries in18

Europe with less than 10.5 % of its land occupied by forest (≈ 697,600 ha),19
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and accordingly Ireland relies on fossil derived materials for metallurgical20

purposes. In comparison, Sweden and Norway are heavily forested and rely21

on woodchips and pelletized wood for energy and metallurgical purposes [13,22

14].23

Making more widespread use of biomass-derived reducing agents is re-24

quired so that the emissions reduction benefits can be spread to regions25

that lack natural forestry resources. Limiting agricultural and food waste26

has become a major concern throughout the world; within the EU, approxi-27

mately 700 million tons of agricultural wastes are generated annually, which28

is expected to increase by 70 % by 2025 [15, 16]. In particular, agricultural29

residues generated in the Mediterranean region represent a major biomass30

source, especially from production of olive oil. In fact, the Mediterranean31

countries are responsible for over 98 % of worldwide oil production, and a32

similar percentage of the associated waste [17].33

The most important properties of carbonaceous reductant are low cost,34

low reactivity, and low levels of impurities [18]. Low cost can be achieved by35

use of low-cost feeds (such as olive waste) and efficient processes to convert36

these wastes into usable forms. Low ash content is an important property37

because each additional percent of ash can increase slag volume by about38

10-15 kg t−1 of ferroalloy, thereby increasing the electric power required for39

smelting [19]. Unfortunately, most biomass feeds cannot meet these strin-40

gent requirements, which necessitates identification of effective processes for41

upgrading inexpensive feeds into a form that can be useful for metallurgy.42

Hydrothermal carbonization (HTC) and pyrolytic torrefaction have promise43

for converting raw biomass into useful forms at modest temperatures (<44
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250◦C). In fact, both of these processes show potential for producing carbon-45

rich solids for hydrogen storage, electrochemical energy storage, water purifi-46

cation, or use in the gasification and metallurgical industries [20–23]. HTC47

is carried out in a hot liquid water in the temperature range 180 to 250◦C48

at solids loading ranging from 7 to 25 %, and reaction time ranging from a49

few minutes to several hours [24]. Torrefaction is a mild pyrolysis process50

that converts biomass into a more carbon-rich material with increased en-51

ergy density and decreased oxygen content. Consistent with current usage,52

the product of HTC can be termed ”hydrochar”, while the product of tor-53

refaction can be termed ”biochar” [23, 25]. ”Char” will be used as a general54

term that encompasses both hydrochar and biochar. Previous work suggests55

that hydrothermal carbonization produces a material with superior metallur-56

gical properties compared with torrefaction biochar [26]. Specifically, HTC57

removes a significant fraction of undesired inorganic elements such as Na and58

K that would otherwise contribute to slag [27]. Previous studies showed that59

the alkali content can be further reduced by increasing the heat treatment60

temperature or by washing the hydrochar with the deionized water after61

the pretreatment [28–34]. The use of a reductant with low alkali content62

can decrease the reactivity and thus, reduce the maintenance costs due to63

the increased electrical conductivity [35, 36]. In opposite, the ash content of64

feedstock is known to change only slightly during torrefaction in the distri-65

bution of calcium, magnesium, and manganese, with some change in water66

soluble potassium [37–41]. Therefore, based on the literature alone the fate67

of interaction of alkali metals with the carbonaceous matrix of hydrochar and68

biochar during ferroalloy reduction is not clear. The mechanical properties69
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of chars are also important for many applications, including metallurgical70

ones. Torrefied biomass particles are loose and nonuniform due to decreased71

hemicellulose content [42]. In comparison, hydrochar has superior mechanical72

strength and pelletability compared with torrefaction biochar [27, 43, 44]. Be-73

side the complexity of structure-property relationship, the use of bioductants74

is hindered by the price of feedstock and hydrochar yield [45, 46]. Sensitivity75

analysis indicates that this breakeven selling price could be as low as 106 US76

dollars per ton, depending on the capacity of the plant [47]. Feedstock costs77

and char yield influence this estimate [25, 47]. Pretreatment of raw feed-78

stock, e.g. supercritical CO2 extraction, has potential to improve properties79

without negatively impacting char yield [48, 49].80

No general theory can currently predict which of these two methods,81

HTC or torrefaction, is most suitable for converting a given feedstock into82

a metallurgical reducing agent. Literature data is scarce that describes the83

effect of residence time and temperature on resulting hydrochar or biochar84

properties that impact metallurgical applications, adding uncertainty to the85

use of hydrochar or biochar as a reducing agent. A particular challenge is86

tuning conditions to maximize yield while producing a solid with acceptable87

reactivity, conductivity, and mechanical properties. In this study, the impact88

of heat treatment temperature, residence time on char yield and properties89

obtained by of the HTC carbonization and torrefaction of olive waste was90

investigated. The specific objectives of this study were to: (1) compare the91

yields obtained from the HTC and torrefaction processes, (2) understand the92

influence of heat treatment temperature and residence time on the char prop-93

erties and (3) develop structure-property relationships governing the CO294
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reactivity and electrical resistance of pellets made from hydrochar.95

2. Materials and Methods96

Olive pulp from Tunisia was obtained as a feedstock for this study. Fuel97

selection was based on its high bulk density and abundance. Hydrochar98

samples were generated by placing olive pulp in a closed stirred batch reactor99

heated to a temperature in the range from 190 to 250◦C with a residence100

time of 2, 6 or 15 h. Torrefaction was performed in a thermogravimetric101

analyzer. Pellets were made by pressing the olive pulp char without binder.102

Char powder and pellet properties were evaluated using scanning electron103

microscopy, thermogravimetric analyzer, Bunsen burner, high-temperature104

dielectric four-probe system, Fourier-transform infrared spectroscopy, and105

bomb calorimetry. Error bars represent standard deviation from the mean of106

the series of measurements. All measurements were conducted in triplicate107

to establish sufficient reproducibility within < 2 %.108

2.1. Hydrothermal carbonization109

HTC experiments were performed in a stirred batch reactor (1 L Series110

4520 bench top reactor, Parr Instrument Company, USA) equipped with111

an external resistance heater and internal sensors for pressure and tempera-112

ture measurement. The pressurized vessel (inner diameter: 100 mm, height:113

135 mm) was made of stainless steel. A safety pressure of 62 bar was set using114

a burst disc. The pressure and temperature were recorded continuously at 1 s115

intervals. Before each experiment, 120 g of olive pulp and 380 g of deionized116

water were placed in the reactor and the reactor was sealed. The sample was117
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heated to a final temperature ranging from 190 to 250◦C at a heating rate118

of 5◦C min−1 and kept at the final temperature for reaction times varying119

between 2 and 15 h, depending on temperature. The sample was homoge-120

nized using an anchor-shaped agitator at a constant speed of 90 rpm during121

the experiment.122

After reaching the desired reaction time, the external heater was re-123

moved and replaced with a water reservoir to cool to less than 100◦C. When124

the temperature fell below 50◦C, the stirrer was turned off and the gas was125

released into a gas sampling bag. CO2 and CH4 gas concentrations were126

analyzed using a SSM6000 biogas analyzer (Pronova, Germany). The slurry127

was filtered and the solid residue was dried 113 at 105◦C. The dried samples128

were stored in sealed plastic containers.129

2.2. Torrefaction130

Torrefaction of olive pulp was performed in a thermogravimetric instru-131

ment TGA/DSC 1 STARe System (Mettler Toledo, USA). For each exper-132

iment, 50 mg of crushed olive pulp sample were loaded into a 150µl Al2O3133

crucible. The sample was heated at 25 ◦C min−1 to a pre-determined final134

temperature and kept at that temperature for 2, 6 or 15 hours, similar to135

the reaction times examined for hydrothermal carbonization. The system136

was continuously purged with nitrogen at a defined flow rate of 100 ml min−1
137

until the heating program was finished. The sample was then cooled to room138

temperature and stored in a sealed sample container.139
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2.3. Bunsen burner140

The swelling index of hydrochar samples was analyzed using a Bunsen141

burner following a well known procedure [50]. For these tests, 1 g of crushed142

olive pulp hydrochar was weighed into a quartz glass crucible, closed with a143

quartz lid, and heated to 820◦C within 150 s using a Bunsen burner with an144

inner diameter of 100 mm. After the sample was cooled to room tempera-145

ture, the shape of the sample surface was compared to standard profiles and146

assigned to a number between 0 and 9. Each experiment was carried out in147

duplicate.148

2.4. Char characterization149

Carbon content analysis. The carbon content of the liquid sample obtained150

after HTC was analyzed using a TOC Analyzer 5050A (Shimadzu Scientific151

Instruments, USA).152

Elemental analysis. Elemental analysis was performed on feed materials and153

char products using an Analyzer Series II (Perkin Elmer, USA). Acetanilide154

was used as a reference standard. The ash content was determined using a155

standard ash test at 550◦C, according to the procedure described in DIN EN156

14775.157

Swelling index. The swelling index of hydrochars was investigated following158

the procedure described in DIN EN 51741.159

Calorific value. The calorific value was determined by bomb calorimetry160

C200 (IKA, Germany), according to the procedure described in ISO 1928.161
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Scanning electron microscopy. SEM analysis of char samples was conducted162

using a high-resolution field emission microscope JSM-7800F (JEOL, Japan).163

Prior to analysis, char samples were coated with a thin layer of gold (2 min,164

20 mA) using an Edwards S150B Sputter Coater to avoid sample charging.165

Thermogravimetric analysis. The reactivity of low temperature char and hy-166

drochar was analyzed by exposing samples to a reactive gas consisting of167

either CO2 or air in a thermogravimetric instrument TGA/DSC 1 System.168

For each experiment, 5 mg of milled sample were loaded into an alumina cru-169

cible. The samples were heated at a constant heating rate of 10◦C min−1 to170

110◦C and kept for 15 min for drying. The dried sample was subsequently171

heated to 1100◦C at a constant heating rate of 10◦C min−1. In addition, the172

thermal properties of hydrochar samples was investigated under inert gas173

consisting entirely of Ar.174

Pellet press. Prior to pelletization, 1.2 g of hydrochar was homogenized with175

1 g of water as a binding agent. A compact hot pellet press (MLI, USA) was176

used for pelletization. The hot pellet press consisted of a metal cylinder with177

a press channel and a backstop. The pellet diameter was 6.5 mm, formed by178

application of 1 kN. Three separate pellets were pressed for each hydrochar.179

Mechanical durability. The mechanical durability of hydrocharpellets was in-180

vestigated using an ISO tumbler 1000+ (Bioenergy, Austria) in accordance181

with ISO 17831-1. Single pellets were rotated for 10 min at 50 rpm and the182

pellet recovered and separated from lose powder formed during tumbling.183

The mechanical durability was estimated as the ratio of final pellet mass to184

its initial value.185
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FTIR Spectroscopy. The hydrochar samples were analyzed using a Cary 630186

FTIR spectrometer (Agilent, USA) equipped with an attenuated total re-187

flectance (ATR) attachment. All absorption spectra were obtained in the188

4000-600 cm−1 range by 100 scans at 4 cm−1 resolution. For background,189

200 scans were acquired. All samples were measured in triplicate and aver-190

age spectra are provided here.191

Electrical resistivity. Electrical conductivity measurements were performed192

using a 34470A 7 1/2 Digit Multimeter (Keysight Technologies, USA). The193

cell geometry was the same as recommended by Sun et al. [51] and the analysis194

method was that recommended by van der Pauw et al. [52]. The electrical195

conductivity was determined according to equation 1:196

σ =
L

R · A
(1)

In equation 1, σ is the electrical conductivity, A is the cross-sectional areaof197

the sample, L is the length of the resistor, and R is the known resistance198

between the Ti-Au electrodes.199

3. Results and discussion200

3.1. Original feedstock characterization201

Table 1 provides compositional data obtained from analysis of the olive202

pulp feed. As expected, olive pulp consists primarily of carbon and oxygen,203

with a HHV similar to other biomass types [53]. The ash content of olive204

pulp was less than that of olive stones, whereas olive pulp contained more205

calcium than olive stones [25].206

10



Table 1: Proximate, ultimate and ash analyses of olive pulp.

Biomass

Proximate analysis Ultimate analysis HHV

MC VM FC ash C H N S O

%, ar %, db %, db MJ kg−1

Olive pulp

10.0 72.0 24.2 3.8 44.6 6.1 1.1 0.1 44.3 16.7

Ash compositional analysis (mg kg−1 on dry basis)

Cl Al Ca Fe K Mg Na P Si Ti

0.01 100 1650 70 1600 150 300 100 1800 10

3.2. Product yields207

Figure 1 provides product yields obtained from the HTC of olive pulp208

as solids (char), liquids (both aqueous and organic fractions), and major209

gases. The liquid yield was measured by total organic carbon (TOC) anal-210

ysis, whereas the gas yield was determined using the total gas volume and211

concentrations of CH4 and CO2. The hydrochar yield decreased from 61 to212

35 % when temperature was increased over the range from 190 to 250◦C and213

residence time at a constant reaction time of 6 h, consistent with previous214

observations [54].215

Hydrochar yields of 65.3, 60.4 and 51.6 % were measured at 200, 220 and216

240◦C with 2 h residence time, similar to yields reported for HTC of olive217

pomace [55]. Hydrochar yields obtained after 30 min residence time were218

10 % greater than those obtined at 2 h, emphasizing the effect of residence219

time on the hydrochar yield for olive pulp [43, 55]. In contrast, hydrochar220

yields obtained from corn-cob are nearly insensitive to residence time, stress-221

ing the importance of feedstock properties on the conditions which optimize222
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hydrochar yield [56].223
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Figure 1: Yields of hydrochar, liquid and gaseous products.

Increasing the residence time to 15 h increased hydrochar yield by about224

8 %, an observation attributable to formation of secondary char by poly-225

merization reactions of small molecules in the liquid phase and reconden-226

sation into the char phase [38]. Secondary char forming reactions from dis-227

solved organic material have been reported to increase hydrochar yield by228

5-10 % [43, 57–59]. Secondary char forming reactions produce a sphere-like229

structure with overlapping layers and greater carbon content than the pri-230

mary char [43]. Increasing HTC temperature first increases hemicellulose231

solubility and hydrolysis rates, then promotes structural changes in cellulose232
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and lignin, finally results in a lower hydrochar yield, consistent with previous233

results reported by Yang et al. [60].234

3.3. Proximate analysis235

Figure 2 shows results from the proximate analysis of hydrochar sam-236

ples. The fixed carbon content increased from 32 to 43 % over the temper-237

ature range from 200 to 240◦C at 2 h residence time. Similarly, increasing238

the reaction time increased the fixed carbon content, presumably the result239

of decarboxylation reactions that occurred during treatment and possibly240

re-combination reactions which result in a solid with greater fixed carbon241

than either the feed or the primary char. The fixed carbon content pro-242

duced after 15 h HTC treatment was nearly twice that reported values for243

5 min HTC treatment and up to 20 % greater compared with HTC treat-244

ment for 30 min [43, 61]. The ash content of olive pulp hydrochar remained245

nearly constant with treatment conditions, indicating that even the short-246

est, mildest HTC treatment achieved the same solubilization of minerals as247

longer, more intense treatments. In contrast, previous studies reported that248

HTC significantly decreases ash content and residual alkali metals contained249

with hydrochar, leading to increased reactivity of hydrochar product [54, 55].250

This suggests that the mineral content of olive pulp may be more thermally251

stable and water insoluble than other biomass types.252
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Figure 2: Proximate analysis of hydrochar samples.

3.4. Elemental analysis253

Figure 3 shows a van Krevelen plot of the compositions of olive pulp254

and hydrochar samples. The original composition data are summarized in255

the supplemental material (Table-S1). Figure 3 shows that the hydrogen and256

oxygen content decreased with increasing HTC temperature, the result of257

both dehydration and decarboxylation reactions. For example, for a constant258

2 h HTC treatment time, the carbon content increased from 57.7 to 67.7 %259

over the temperature range 200 to 240 ◦C, consistent with previous results260

reported by Volpe and Fiori [43].261
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Figure 3: Van Krevelen diagram of hydrochar samples.

3.5. Calorific value262

Figure 4 shows the heating values measured for hydrochar samples. As263

expected from Figure 3, the heating value increased with increasing heat264

treatment temperature and increasing residence time. The heating value of265

olive waste pulp was increased from 16.7 to 29.5 MJ kg−1 for the hydrochar266

prepared at 250◦C. This value is similar to the heating value of hydrochar267

generated from wood and straw and approaches that of hard coal [43, 62, 63].268

Feedstock selection apparently has only a minor effect on the heating value of269

hydrochar compared with the significant effect of heat treatment temperature270

and residence time.271
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Figure 4: Calorific values of hydrochar samples.

3.6. Reactivity272

Figure 5 shows differential weight loss curves (DTG) obtained by heat-273

ing olive pulp, hydrochar, and biochar in argon or CO2 environments. More274

information on the biochar is provided in Figure S-2-S-3. Thermal decompo-275

sition of olive pulp occurred over the temperature range from 200 to 600◦C276

with a peak temperature of 320◦C. In contrast, initial mass loss of hydrochar277

samples occurred at 150◦C, with a peak temperature of 335◦C. The initial278

mass loss of hydrochar samples is attributed to volatilization of hydrocarbons279

which are not directly incorporated in the solid matrix.280
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Figure 5: DTG curves of olive pulp prepared at 190, 220 and 240◦C using hydrother-

mal carbonization and torrefaction using 100 % argon and 100 % volume fraction CO2

gasification: (a)-(b) 2 h, (c)-(d) 6 h and (e)-(f) 15 h.
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The peak temperature of biochar increased from 845 to 870◦C when281

the heat treatment temperature of char was increased from 200 to 240◦C.282

Likewise, the peak temperature of hydrochar samples increased from 900 to283

965◦C after 2 h HTC treatment and was about 100◦C greater than for the low284

temperature reacted char. However, the torrefaction time used to produce285

biochar did not have a strong influence on the CO2 reactivity. Thus, the CO2286

reactivity of hydrochar is similar to wood charcoal obtained from pyrolysis287

at temperatures above 900◦C [64, 65].288

3.7. Surface structure289

The microstructure of olive pulp and hydrochar produced at 200 and290

240◦C is shown in Figure 6. The olive pulp feed exhibited a surface structure291

with different grain sizes (Figure 6(a)) and olive shape particles with diameter292

in the range from 5 to 10µm (Figure 6(b)). The olive shape microparticles293

disappeared after HTC, presumably revealing the underlying surface. The294

underlying biomass is referred to as hard biomass, whereas soft biomass is295

formed by sequential liquefaction and re-condensation [66]. HTC at 240◦C296

produced a material with smooth surfaces (Figure 6(f)) consistent with ex-297

traction of Klason lignin from the biomass followed by to recombination298

reactions between lignin and holocellulose [67, 68]. Hydrochar obtained at299

less than 230◦C is similar to its biomass feed, whereas its surface is typically300

smooth when prepared at 270◦C [69]. Here, olive waste hydrochar presents301

smooth surfaces even when prepared at 240◦C (6 h). Formation of smooth302

surfaces was enhanced by increasing HTC temperature and increasing the303

reaction time, again consistent with trends expected from redeposition of304

condensation products on the surface [66].305
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6(a): Olive pulp 6(b): Olive pulp

6(c): Hydrochar 200◦C, 2h 6(d): Hydrochar 200◦C, 15h

6(e): Hydrochar 240◦C, 2h 6(f): Hydrochar 240◦C, 15h

Figure 6: SEM image of (a)-(b) untreated olive pulp, and hydrochar produced at (c)

200◦C, 2 h; (d) 200◦C, 15 h; (e) 240◦C, 2 h and (f) 240◦C, 15 h.
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3.8. FTIR306

FTIR analysis was conducted to investigate the changes in main func-307

tional groups present in the hydrochar. Figure 7(a) provides olive pulp hy-308

drochar spectra; spectral assignments are summarized in the supplemental309

material (Table S-2). The bands located between 3100 and 3700 cm−1 are as-310

sociated with O-H vibration in hydroxyl or carboxyl groups which were found311

both in the original feedstock and hydrochar samples [70–73]. Strong vibra-312

tion bands at 2855 and 2921 cm−1 originate with the aliphatic C-H stretching313

vibrations [59]. Differences between the untreated olive pulp and hydrochar314

mainly appeared in the spectral range 1020 to 1850 cm−1. The major bands315

associated with the aromatic stretching and C=O stretch bands for all hy-316

drochar samples were located at 1591 and 1700 cm−1 [59, 71, 73]. The band317

at 1636 cm−1 was present only in the hydrochar samples. The bands at 1442318

and 1510 cm−1 were more intense in the hydrochar in the original olive pulp,319

indicating an increased aromaticity and possibly furanic content during the320

HTC treatment [59, 73]. Strong aromatic absorption bands of hydrochar321

samples indicated decomposition of olive pulp and re-polymerization of tar322

compounds [59]. IR analysis indicates that hydrochar is more aromatic than323

the original olive pulp, consistent with elemental composition data shown in324

Figure 3. Similarly, aromaticity increased in all hydrochar samples with the325

increasing heat treatment temperature.326
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Figure 7: Experimental IR spectra of (a) raw olive pulp and hydrochar produced at 190,

220 and 250◦C with a residence time of 6 h; (b) olive pulp hydrochar generated at 250◦C

with a residence time of 6, 15 and 60 h. 21



The FTIR spectra of hydrochar produced at 250◦C with residence times327

of 6, 15 and 60 h is shown in Figure 7(b). The bands located at 800 to328

1800 cm−1 were present in all samples, but with different intensities. Hy-329

drochar samples generated at 220 and 250◦C showed similar band spectra,330

indicating that the main structural changes occur at temperatures less than331

220◦C. The bands at 1021 and 1099 cm−1 originate from C-O stretching vi-332

bration of hydrochar samples, whereas bands between 927 and 1127 cm−1 are333

assigned to C-O stretching vibration in cellulose and hemicellulose [74, 75].334

The bands at 1206 and 1260 cm−1 were observed only for hydrochar samples335

produced at 220 and 250◦C. This is probably due to the decomposition of336

hemicellulose at 220◦C after 15 min hydrothermal treatment [24, 27]. The337

presence of the band and at 1206 cm−1 indicates increased ether content af-338

ter HTC at 220 and 250◦C. The C-O-C stretch intensity increased with the339

longer residence time, indicating the importance of etherification and/or es-340

terification reactions during tar polymerization to form hydrochar.341

3.9. Swelling index342

Swelling properties are important for carbon reductants. The free swelling343

index (FSI) was 1.0-1.5 for all hydrochar samples, consistent with weak cak-344

ing properties. Hydrochar samples produced in the temperature range 220 to345

240◦C exhibited a FSI of 1.5, whereas the FSI of all other hydrochar samples346

was 1.0. A swelling index of at least 2.5 is typically required for reduc-347

tants [76], indicating that this property may need to be improved before the348

olive waste char is suitable for the ferroalloy industries [4]. However, previous349

results showed that gentle coking can improve mechanical properties with an350

additional heat treatment of densified material [77].351
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3.10. Mechanical properties352

Hydrochar powder was pressed into pellets for mechanical testing. Pel-353

letizing can increase the bulk density and particle size to enable the use of354

hydrochar as a renewable reducing agent in ferroalloy industries. Hydrochar355

produced at 230◦C was chosen as a feedstock for pelletization due to its low356

ash and moisture content, high electrical resistance and improved grindability357

which are comparable with the requirements of ferroalloy industry [78]. Heat358

treatment of the pellets can further improve their properties, so hydrochar359

pellets were thermally treated in the range from 250 to 1100◦C.360
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Figure 8: Pellet yield and mechanical durability after heat treatment of hydrochar pro-

duced at 230◦C with 6 h residence time.
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The yield and mechanical durability of olive pulp hydrochar pellets after361

heat treatment are shown in Figure 8. Additional heat treatment and longer362

residence time during hydrothermal carbonization can result in an increased363

pellet yield, as summarized in Table 2. Pellets from hydrochar prepared at364

200, 220, 230 and 240◦C were mechanically stable, confirming the previous365

results [27, 61, 78]. However, the dried hydrochar pellets without an addi-366

tional binder were less stable than pellets formed with the addition of water.367

Previous studies showed that the durability of high quality pellets is required368

to be > 97.5 % [79]. The additional heat treatment improved the agglomera-369

tion of the hydrochar particles, increasing the durability of hydrochar pellets370

to > 95 % at temperatures above 300◦C. A maximum durability of 98.5 %371

was measured during the heat treatment of hydrochar at 450◦C showing sim-372

ilar properties to charcoal pellets with the pre-mixed biooil binder [64, 77].373

Thus, secondary heat treatment improves the mechanical properties of olive374

waste hydrochar pellets, making them comparable to those observed for re-375

ducing agents obtained from non-renewable resources. Further optimization376

has promise to produce superior materials from this renewable waste feed-377

stock.378
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Table 2: Electrical resisitivity of hydrocher pellets after compressed and after heat treat-

ment.

Heat treatment temperature Residence time Density Electrical resistivity Pellet residue

◦C h−1 kg m−3 mΩm wt.%, db

After compression

200 2 0.94 820±200

6 0.98 560±150

15 0.99 620±150

220 2 0.97 680±150

6 0.97 580±150

15 0.98 480±100

240 2 1.03 600±200

6 0.98 410±100

15 0.98 200±50

After heat treatment at 1100◦C

200 2 0.83 8±3 34.8

6 0.90 20±5 38.8

15 0.86 12±3 43.9

220 2 0.98 30±7 37.0

6 0.97 13±4 44.7

15 0.93 13±5 49.3

240 2 1.02 6±2 46.1

6 0.92 12±3 48.5

15 0.93 11±3 51.1

3.11. Electrical properties379

Electrical resistivity is a critical parameter for carbon reducing agents.380

Accordingly, the electrical resistivity of hydrocar was measured, with the re-381

sults summarized in Table 2. The electrical resistivity of hydrochar pellets382

decreased with increasing heat treatment temperature and residence time,383

consistent with the aforementioned compositional and structural changes384

that occur during HTC. In addition, the electrical resistivity decreased after385

drying, resulting in improved electrical properties which were similar to these386

of an insulator. The electrical resistivity of heat treated hydrochar pellets387

was in the range 35 to 50 mΩm, similar to that observed for charcoal particles388

and approaching that of metallurgical coke (≈ 0.01 mΩm) [80]. As with me-389
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chanical properties, thermal treatment of the raw hydrochar improves their390

electrical properties.391

4. Discussion392

Figures 1-8 establish that waste biomass has the potential to produce393

high-quality pelletized bioreductants for the ferroalloy industry. An econom-394

ical process to produce renewable reducing agents will require simultaneous395

optimization of yield and properties. Unfortunately, the relationships be-396

tween HTC conditions and hydrochar yield and properties were complex,397

making rationale optimization difficult. To guide future efforts, the data398

provided in Figures 1-8 were re-analyzed to develop structure-property rela-399

tionships that can be used to guide future optimizations of the process.400

Several examples of useful structure-property relationship are shown in401

Figure 9 and the supplemental material (Figure S-5). Increasing the HTC402

temperature and residence time decreased the electrical resistivity and in-403

crease in calorific value with the increasing carbon and decreasing oxygen404

content. The heating values of hydrochar were in the range of 24 to 30 MJ405

kg−1 which are similar to those of sub-bituminous coal (24 MJ kg−1) used for406

heat and power generation [81, 82]. Interestingly, the higher heating value407

of hydrothermally treated olive pulp was similar to that of torrefied olive408

stones (28.8 MJ kg−1) at 300◦C in a rotary slow pyrolysis reactor [53]. Also,409

longer torrefaction times and greater heat treatment temperatures led to the410

improvement of higher heating value of olive stones leading to higher carbon411

and lower oxygen content.412
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Figure 9: Correlations of electrical resistivity, higher heating value, pellet yield, mechanical

durability, maximum reaction rate and temperature of maximum reaction rate over carbon

or oxygen content of hydrochar from olive pulp treatment produced at 190, 220 and 250◦C

with a residence time of 6 h, olive pulp hydrochar generated at 250◦C with a residence

time of 6, 15 and 60 h and olive pulp hydrochar prepared at 250◦C with a residence time

of 6 h further reacted in the range from 300 to 1100◦C in a high-temperature furnace.

The electrical resistivity of hydrochars decreased from 800 to 200 mΩm413

with the increased temperatures and longer residence times. This is due to414

the decarboxylation reactions leading to the formation of more defects in a415
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molecular structure of hydrochar, confirming the previous results of Hoff-416

mann et al. [83]. Interestingly, the mechanical strength of pellets made from417

hydrochar decreases slighly from 98 to 92 %, as shown in Figure 9(c). The418

small differences in mechanical durability of pellets made from hydrochar419

were related to the small changes in a pellet density. About 50 % of the420

used water was released during pelletizing, and most of the remaining wa-421

ter was evaporated during storage under atmospheric conditions. The water422

content of hydrochar pellets after storage in open air containers was approx-423

imately 4 wt.%, leading to the improvement of char hydrophobicity due to424

the removal of -OH groups [61]. The density of hydrochar pellet was 800 kg425

m−3, and decreased to 760 kg m−3 after additional heat treatment at 550◦C426

due to the removal of volatile components and further decomposition of or-427

ganic matrix [64]. Thus, hydrochar pellets showed a density that is similar428

to that of spruce charcoal pellets [77]. Interestingly, the density of hydrochar429

pellets produced from loblolly pine was approximately 50 % greater than430

that of hydrochar pellets made from olive pulp, indicating the importance of431

feedstock selection [27, 61]. The density can be increased with pelletization432

with increased compression force, resulting in improved durability and ten-433

sile strength [61, 77]. A compression force of 5 kN resulted in an increased434

pellet density of approximately 980 kg m−3, suggesting the promise of this435

method. Pellets obtained from hydrochar prepared at 200 and 250◦C showed436

a negligible swelling (1 %), whereas the remaining water evaporated and an437

additional decomposition of the hydrochar occurred [84]. The hydrochar pel-438

lets shrunk when treated at temperatures greater than used for hydrothermal439

carbonization resulting in an isotropic shrinkage to about 80 % of its orig-440
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inal size at 600◦C. The shrinkage of hydrochar pellets from olive pulp was441

similar to that of pellets made from wood and wheat straw, indicating a mi-442

nor effect of feedstock on the particle shrinkage [84]. The maximum reaction443

rate of reacted hydrochar samples increased with the higher carbon content,444

indicating the formation of aromatic and semi-aromatic rings. Crystalline445

cellulose was nearly completely converted to solid char, whereas the remain-446

ing lignin shields the hydrochar and reduces its CO2 gasification reactivity.447

The heat treatment temperature and residence time both had an equal influ-448

ence on the hydrochar aromatization leading to a similar maximum reaction449

rate when the carbon content was greater than 60 %.450

The results of the present work clearly show that the hydrochar prop-451

erties such electrical resistivity, higher calorific value, durability and reac-452

tivity approach the physicochemical properties of metallurgical coke. The453

major challenge with the use of hydrochar pellets is related to the remain-454

ing high oxygen content. Ferroalloy industries require a minimum fixed455

carbon content of 90 to 95 %, whereas charcoal produced at temperatures456

between 450 and 550◦C obtained fixed carbon content < 85 % [85–87]. Fur-457

ther heat treatment of hydrochar pellets could potentially reduce the oxygen458

content, enhancing the hydrochar carbon content, as reported in previous459

studies [88–91]. Mechanochemical treatment may have promise for similar460

reasons [92]. Additional heat treatment of hydrochar pellets increases the461

mechanical durability of hydrochar pellets to 99.5 % and density of hydrochar462

to 980 kg m−3. The high temperature charcoal showed mechanical durabil-463

ity of less than 95 % and with the density of less than 600 kg m−3 [64, 65].464

High mechanical strength and high density of reductants are desired during465
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transportation and storage of pellets indicating potential of hydrochar use466

in ferroalloy industries. Overall, the mechanical durability of pellets from467

hydrotreated olive pulp is greater than that of torrefied olive stones [25].468

Therefore, the pretreatment of olive pulp under the suggested hydrotreat-469

ment conditions might be more suitable for the production of reductants for470

the ferroalloy industries than torrefaction.471

5. Conclusion472

Torrefation and hydrothermal carbonization were investigated for con-473

version of olive pulp waste to a biorenewable reductant. Fixed carbon yield474

depends on both heat treatment temperature and residence time in hy-475

drothermal carbonization. Thermo-gravimetric analysis results showed that476

the CO2 reactivity of hydrochar is similar to that of olive pulp reacted at477

900◦C, whereas the effect of heat treatment temperature had less influence on478

the reactivity with increasing residence time of olive pulp torrefaction. More-479

over, hydrocar remained more reactive than fossil-based reductants, such as480

petroleum coke and metallurgical coke. The hydrochars produced at 220481

and 250◦C showed a similar surface composition to one another, and simi-482

larly residence time had only a minor effect on the char composition. The483

hydrochar pellets can be densified at low compression pressure without an484

addition of a binder, whereas a secondary heat treatment at 400◦C is required485

to improve the mechanical durability of hydrochar pellets to satisfy ferroalloy486

industry requirements. The findings of this study emphasize the potential487

use of hydrothermal pellets as renewable reducing agents for the ferroalloy488

industry with future anticipated improvement in hydrochar transportation489
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and storage.490
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