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Introduction

Biomass feedstocks are considered as green energy source since their optimal and sustainable use could minimize substantially the environmental impacts of fossil fuels [START_REF] Demiral | Pyrolysis of apricot kernel shell in a fixed-bed reactor: Characterization of bio-oil and char[END_REF]. One major pathway to advanced biofuels is the thermochemical conversion through pyrolysis technique. This latter is the thermal decomposition in the absence of oxygen of the biomass solid matrix into gaseous, liquid and solid fractions. The properties and proportions of these different byproducts are tributary to the initial feedstock composition on one hand and to the experimental pyrolysis conditions on the other hand.

Biochar, the solid by-product of pyrolysis, is a porous carbonaceous residue with a high content in fixed carbon (>75%) [START_REF] Demiral | Pyrolysis of apricot kernel shell in a fixed-bed reactor: Characterization of bio-oil and char[END_REF][START_REF] Zhu | Biochar of corn stover: Microwaveassisted pyrolysis condition induced changes in surface functional groups and characteristics[END_REF][START_REF] Apaydın-Varol | Preparation and characterization of pyrolytic chars from different biomass samples[END_REF], developed porosity [START_REF] Recari | Effect of temperature and pressure on characteristics and reactivity of biomass-derived chars[END_REF][START_REF] Shaaban | Influence of heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyrolysis[END_REF], high ash content [START_REF] Savova | Biomass conversion to carbon adsorbents and gas[END_REF], etc.. The obtained biomass derived char can be directly used as solid fuel in boilers where other biomasses are burnt, or as pre-material for activated carbon production [START_REF] Ghouma | Activated carbon prepared by physical activation of olive stones for the removal of NO2 at ambient temperature[END_REF][START_REF] Khiari | Dynamics and Kinetics of Cupric Ion Removal from Wastewaters by Tunisian Solid Crude Olive-Oil Waste[END_REF][START_REF] Wakkel | Textile wastewater treatment by agro-industrial waste: Equilibrium modelling, thermodynamics and mass transfer mechanisms of cationic dyes adsorption onto low-cost lignocellulosic adsorbent[END_REF][START_REF] Nowicki | Active carbons prepared by chemical activation of plum stones and their application in removal of NO2[END_REF]. It can be used also in ferroalloy, aluminum and cement industries, as carbon nanotubes, carbon fibers, etc [START_REF] Uzun | Synthetic fuel production from tea waste: Characterisation of bio-oil and bio-char[END_REF]. Finally, biomass chars recovery for soil amendment is receiving renewed attention as they lead to agricultural soils' physical, chemical, hydrodynamic and biological properties improvements on one hand and contribute to carbon sequestration, CO2 emissions decrease and climate change mitigation on the other hand.

Kenaf plant (Hibiscus cannabinis L.) was cultivated in an experimental field in Tunisia since 2006. This species is normally and originally a tropical annual cash crop. It has a single, straight, unbranched stem consisting of an outer fibrous bark and an inner woody core. The kenaf stem grows to 5-6 m length and 25-35 mm diameter and is harvested after 5-6 months (Figure 1).

Figure 1. Photo of kenaf plants

For several years, kenaf was cultivated for the exploitation of its fibers bark which is generally used for rope. The rest of the plant after fiber extraction is left in nature or burnt for heating or cooking purposes, which obviously constitutes a source of environmental pollution.

Though, through better farming practices, improved processing methods and research and development, kenaf is thought to be one of the most promising plants. Indeed, kenaf fibers and/or leaves have been characterized for many applications such as wastewater treatment [START_REF] Mahmoud | Batch adsorption of basic dye using acid treated kenaf fibre char: Equilibrium, kinetic and thermodynamic studies[END_REF], biofuels production (biogas, bioethanol, biodiesel, biohydrogen) [START_REF] Saba | Potential of bioenergy production from industrial kenaf (Hibiscus cannabinus L.) based on Malaysian perspective[END_REF], polymer composites elaboration [START_REF] Kenaf | Hibiscus cannabinus L.) fibre based bio-materials: A review on processing and properties[END_REF], horticultural substrate synthesis [START_REF] Tsakonas | Kenaf (Hibiscus cannabinus L.) based substrates for the production of compact plants[END_REF], etc.

As for energy applications, if bast fibers are not separated from the core fibers, the whole stem kenaf competes with wood as a raw material and, like most biomasses, pyrolysis is probably the most appropriate thermochemical process to decompose its organic compounds [START_REF] Khiari | Pyrolysis of Grape Marc from Tunisian Wine Industry: Feedstock Characterization, Thermal Degradation and Kinetic Analysis[END_REF][START_REF] Khiari | Biomass derived chars for energy applications[END_REF]. Moreover, many pyrolysis products obtained from the whole kenaf were detected and have the potential to be converted into more useful chemicals and, their distribution was found to be similar to that from hardwood, with syringol, 4-vinylsyringol, guaiacol, and 4vinylguaiacol as major products. The phenol content of the pyrolysate from the kenaf core was higher than that of the kenaf cuticle, reflecting its higher lignin content. The total bio-oil yield of kenaf is relatively low compared to wood but quite high compared to other energy crops like Miscanthus giganthus or Arundo donax [START_REF] Jeguirim | Thermogravimetric analysis and emission characteristics of two energy crops in air atmosphere: Arundo donax and Miscanthus giganthus[END_REF]. The combustion of these oils may however result in high NOx emissions [START_REF] Dorez | Effect of cellulose, hemicellulose and lignin contents on pyrolysis and combustion of natural fibers[END_REF].

Carbonisation of kenaf stems at 1000 °C in inert atmosphere yields microporous carbon with high surface area [START_REF] Inagaki | Carbonization of kenaf to prepare highly-microporous carbons[END_REF] that could be used in pollutant removal when activated [START_REF] Aber | Optimization of activated carbon fiber preparation from Kenaf using K2HPO4 as chemical activator for adsorption of phenolic compounds[END_REF]. At another level, the heating value of kenaf residues in fluidized bed gasification process [START_REF] Irmak | Hydrogen rich gas production by thermocatalytic decomposition of kenaf biomass[END_REF][START_REF] Zhou | Research on the Gasification Characteristics of the Industrial Residues of Kenaf[END_REF] is considered to be of low efficiency for power generation, even if the produced gas could meet the demand of gas engines to generate electricity.

In fact, and as far as kenaf stems are concerned (bast + core) and, to the best of our knowledge, no investigation of their characteristics or their pyrolytic chars' properties is available in the literature. The aim of the present study is therefore to investigate the physical and chemical properties of the kenaf plant in order to assess its suitability in yielding good quality biochars and/or biofuels. Then, the effect of the pyrolysis operating parameters, mainly final temperature, on the characteristics and composition of the produced char is approached through a thermogravimetric analysis. Finally, the different biochars produced are fully characterized in terms of structure, morphology, composition, texture, etc.

Materials and methods

Kenaf stems characterization

Ultimate and proximate analyses

Before being used for the present study, kenaf stems, about 15 cm to 20 cm long, harvested from mature plants, were cut into length of about 1 cm (Figure 2). temperature is ramped at 20 °C/min to 900 °C to obtain the weight loss associated with volatiles release. Oxygen is then introduced into the furnace chamber to oxidize char formed and the weight loss associated with this step is associated to the fixed carbon. The remaining material after oxidation is the ash.

The ultimate analysis of raw kenaf stems was carried out by a CHONS analyzer (FlashEA 1112, Thermo Scientific) for the major elements and by an X-ray fluorescence spectrophotometer (PHILIPS PW2540) for the mineral elements.

Thermal characterization of kenaf stems

The thermobalance used in this study was a Mettler-Toledo TGA/DSC3. The temperature was monitored by a Pt/Pt-Rh thermocouple located directly below the sample basket. The carrier gas flow used in the experiments was introduced in the thermobalance from the upper side of the equipment causing this way a small buoyancy force downwards. This effect brings a small error to the weight measurements, which is corrected with blank runs.

The kenaf pyrolysis was performed at 5 °C/min rate in high purity nitrogen atmosphere with a flow rate of 10 mL/min. The sample is heated from room temperature to 800 °C. The sample mass is below 10 mg to ensure near chemical regime conditions for the modeling purposes.

The use of small masses of sample was necessary to reduce the effects of side reactions and heat transfer limitation.

Kinetic study

In order to extract reliable kinetic data, TGA/DTG (Thermogravimetry Analysis and Derivative Thermogravimetry Analysis) experiments were carried out for 4 different heating rates and with samples weighing less than 5 mg. The following equations are also used:

= k(T)f(X) (1) 
X = (2) 
k = Aexp( ) (3) 
Where k is the rate constant; T is the absolute temperature (K); f(X) is the reaction model that describes the reaction mechanism; X is the conversion rate; Wt, W0, and Wf are at time t, initial and final weights of the sample, respectively; Ea is the activation energy (kJ/mol); R is the universal gas constant (8.314 J/K mol) and A is the pre-exponential factor (s -1 ).

Combining these equations and considering a constant heating rate β= , one gets:

= exp( )f(X) (4) 
Different arrangements and approximations of Equation ( 4) can lead to the most used kinetic methods for lignocellulosic biomass, listed in Table 1.

Table 1. Kinetic methods used in activation energy calculation

Method Expression Plots Ref

Friedman

Ln = Ln β = !"[$%(&)] - Ln β vs ) Friedman (1964) 
[24]
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[26]
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Biochar production

The kenaf stems used to produce biochar was grounded using a laboratory crusher and sieved to obtain a uniform sample with an average particle size ranging between 0.25 and 0.4 mm.

The pyrolysis experiments were performed in a flow bed reactor under an Argon flow at a constant rate of 10 NL/h. The temperature was increased from room temperature to (400, 500 and 600 °C) at a heating rate of 5 °C/min and kept for 1 hour at the final pyrolysis temperature.

Biochar characterization

The physicochemical, morphological, textural and structural properties of biochars were determined with the help of different analytical techniques.

Proximate analyses

The proximate analysis of the kenaf biochars was determined according to the same procedures as for the raw kenaf.

Biochar Morphology (SEM and EDX)

To assess the kenaf char morphology, Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX) analyses were carried out. For the former, a Philips model FEI model Quanta 400 apparatus was used by applying six different magnification levels (x350, x500, x1500, x2000, x5000 and x25000) whereas EDX was used to identify the main mineral species and their dispersion through the biochar matrix.

Porosity development

The specific area and porosity of the kenaf biochars were determined by carbon dioxide adsorption at 0 °C using a Micromeritics (ASAP 2020) gas adsorption analyzer. Before the measurements, and in order to eliminate the surface water as well as the volatile organic compounds, biochars were out-gassed under vacuum during 24 hat 150 °C. The use of CO2 instead of N2 enables to access to the ultramicroporosity (pore diameter < 1 nm) distribution of the materials.

Surface chemistry

The surface chemistry of the raw and biochar samples were analyzed by identifying their surface functional groups using the Diffuse Reflectance Infrared Fourier Transform DRIFT spectroscopy. Raw kenaf and biochar pellets were prepared using KBr at a ratio of 1/200 to desired sample and then analyzed at a wavenumber range between 400 and 4000 cm -1 with a resolution of 2 cm -1 .

Structural properties

The structural properties of the kenaf biochars were analyzed by Raman spectroscopy. During this analysis, the Raman spectra were recorded with a BX40 LabRam, Jobin Yvon/Horiba spectrometer. Raman spectra were obtained in a backscattered configuration with an excitation laser at 632.8 nm. The analysed parameters were selected as follows: microscope objective 50x, acquisition time 300 s, 1 accumulation.

3.

Results and Discussion 

Kenaf characterization

Kenaf thermal degradation

The thermal profiles of the degradation of kenaf at heating rate 5 °C/min in nitrogen atmosphere as well as the TG corresponding data are shown in Figure 4 and Table 3. Mass The comparison with other biomass wastes shows some similarities and differences. The peak of cellulose decomposition at 326 °C is close to that of pure cellulose (332 °C) [START_REF] Orfão | Pyrolysis kinetics of lignocellulosic materials-three independent reactions model[END_REF] and not far from reported values for cellulose contained in lignocellulosic biomass (generally 310-320 °C) [START_REF] Khiari | Tomato-Processing By-Product Combustion: Thermal and Kinetic Analyses[END_REF]. Besides, this one intense peak may suggest that kenaf stems are very rich in cellulose. The hemicellulose decomposition shoulder (290 °C) is in the usually indicated interval of 195-306 °C [START_REF] Kordoghli | Impact of different catalysis supported by oyster shells on the pyrolysis of tyre wastes in a single and a double fixed bed reactor[END_REF]. Such behavior is well-known in the literature and the hemicellulose decomposition step appears. The C-C and C-O-C bonds in the kenaf lignin are cracked during a flat tailing section, just like most lignocellulosic biomasses [START_REF] Khiari | Biomass derived chars for energy applications[END_REF]. In fact, the overall behavior of kenaf stems is really close to that of wood. This makes kenaf plant an excellent candidate to replace wood, especially considering the current pressure on it. In addition, different heating rates have been studied and, TG and DTG corresponding results are shown in Figure 5. One can note the same general profile for the four heating rates. Few differences have to be mentioned nevertheless. In fact, increasing the heating rate leads to a shift in the peak temperature toward higher values (except for 5 °C/min (323 °C) in Figure 5 and for 1 °C/min (326 °C) in Figure 4). Indeed, when heating rate is increased from 10 to 15 then to 20 °C/min, the maximum peak temperature moves from 313 to 320 then to 324 °C.

The explanation may be that the material reaches the cracking temperature in a shorter time when higher heating rates are considered. Heat and mass transfer limitations inside the particle may also be possible reasons, as a consequence of inner temperature gradients. In fact, increasing the reactor temperature ramp does not allow good temperature stabilization within the kenaf stems which may release volatiles quite late. This behavior has been also reported for many other biomasses [START_REF] Khiari | Pyrolysis of Grape Marc from Tunisian Wine Industry: Feedstock Characterization, Thermal Degradation and Kinetic Analysis[END_REF][START_REF] Khiari | Tunisian tomato waste pyrolysis: thermogravimetry analysis and kinetic study[END_REF].

For the other two ramps (1 and 5 °C/min), the behavior can be explained by the fact that slow pyrolysis promotes cracking of the weakest bonds and less stable molecules that are easy to degrade, whereas the more stable molecules are degraded during the intermediate pyrolysis. 

Kinetic results

The kinetic study of the thermal decomposition by pyrolysis of kenaf stems aims to calculate the kinetic parameters in order to get the reaction rates. The isoconversional methods were applied to four different experimental data sets (5, 10, 15 and 20 °C/ min). Linear diagrams of KAS, FWO and Friedman are shown in Figure 6. Since the initial mass loss is attributed to moisture loss, the first conversion rate selected to determine the kinetic parameters is 5%, while the last point is taken at 95%. During the process, the change of slope indicates that another macromolecule starts its decomposition. The calculated corresponding activation energies for each conversion ratio are shown in Table 4 The calculated Ea at the different conversion levels can be attributed to the different macrocomponent decomposition. At conversion levels from 0.05 to 0.75, the activation energies increase (from approximately 125 to 255 kJ/mol) which can be considered as related to hemicelluloses then cellulose degradation respectively. Indeed, such values were obtained for many fibrous materials. For conversion rates beyond 75%, the activation energies decrease rapidly to about 40 kJ/mol for FWO and to 74 kJ/mol according to Friedman model. This is in the interval usually attributed to the lignin in various biomasses [START_REF] Ferdous | Pyrolysis of Lignins: Experimental and Kinetics Studies[END_REF][START_REF] Poletto | Assessment of the thermal behavior of lignins from softwood and hardwood species[END_REF]. This result may lead to the conclusion that kenaf stems are rich in cellulosic compounds, which is also in adequacy with the TG profiles, where one intense peak is depicted. This finding is also supported by previous works where lignin accounts for 16 to 27% in the kenaf stems [START_REF] Akil | Kenaf fiber reinforced composites: A review[END_REF][START_REF] Song | Isolation and characterization of cellulosic fibers from kenaf bast using steam explosion and Fenton oxidation treatment[END_REF].

Biochar characterization

One of the most important kenaf stems pyrolysis by-products is biochar. At a final pyrolysis temperature of 400 °C, char yield is about 31 %wt which is the highest yield compared to those obtained for 500 °C (26 %wt) and 600 °C (21 %wt). This is in adequacy with the conclusion often reached, according to which the biochar yields production decreases with increasing of the used pyrolysis temperature [START_REF] Trninić | A steady state model of agricultural waste pyrolysis: A mini review[END_REF].

The char obtained by pyrolysis in a flow bed reactor is characterized and the results are discussed hereafter.

Proximate analysis

Proximate analyses of the different biochars are summarized in Table 5. Comparison between the different pyrolysis temperatures shows higher amounts of volatiles matter at 400 °C which decrease with increasing of temperature from 34.5 %wt to 19.9 %wt at 600 °C. On the contrary, the weight loss associated with the fixed carbon increases with the increase of pyrolysis temperature from 60.2 %wt to 73.2 %wt. Similar trend is recorded for ashes. Such result can be attributed to the low inorganic contents which is vital due to their abilities to produce low ash and high fixed carbon contents [START_REF] Khiari | Biomass derived chars for energy applications[END_REF][START_REF] Shamsuddin | Synthesis and Characterization of Activated Carbon Produced from Kenaf Core Fiber Using H3PO4 Activation[END_REF] . 

Mineral composition

Table 6 lists the mineral composition of kenaf chars as determined by an X-ray fluorescence spectrophotometer. This table brings out that Mg and K are the major mineral species in the char. The kenaf char shows also non-negligible Ca and P contents as well as Zn and Na.

Though, the concentration of these elements has increased in comparison with the raw material, which is explained by the densification of the material, which becomes rich in carbon and mineral after the decomposition/devolatilization of part of the kenaf. Therefore, the use of kenaf char as amendment in agriculture could be recommended. 

Morphological analysis

The SEM images and EDX spectra of the kenaf char produced at different temperatures are shown in Figure 8 and 9, respectively. SEM images (Figure 8) obtained at x200 enlargement show the specific shape of the kenaf particles (needles). The pyrolysis process has not affected the shape of the particles; the chars remain relatively the same than the raw biomass particles. At the magnifications of 1000 and 5000 times, we can observe the presence of the alveoli, and at higher enlargement the presence of the cavities (x20000). The surface of the chars produced at 400, 500 and 600 °C becomes rough due to the devolatilization/decomposition of the organic part of kenaf. While the surface of raw kenaf is smooth, the apparition of striations indicates a reorganization of the carbon material after the pyrolysis process. At this step, and with the use of SEM, it is complicated to conclude on the formation of a meso/microporosity, this information will be clarified in the following section with the adsorption experiments carried out with CO2. EDX is an X-ray technique used to identify the elemental composition of the kenaf. EDX analyses (Figure 9) confirm the presence of the main elements present in kenaf: Ca, K, Mg, P and Si.

The distribution of these elements is homogeneous in the different samples (elemental maps not shown), the proportions remain the same if we consider the random sampling. 

Textural properties

The results of BET surface area analysis are given in Figure 10 and Table 6. The reported values are relatively high, which is a real advantage for the use of the kenaf chars for the removal of pollutants from effluents.

The specific surface area (SSA) of the kenaf chars was calculated through the BET method using the CO2 adsorption isotherms shown in Figure 10. The SSA has significantly increased from 162 to 261 m 2 /g when the pyrolysis temperature increased from 400 °C to 500 °C. This evolution is explained by the modification of the textural properties of the chars that can be attributed to the slight devolatilization observed between 400 and 500 °C (Figure 4) which generates a higher microporosity into the carbon matrix (see the microporous volume in Table 7). Higher temperature seems to affect the porosity of the char, the optimal pyrolysis conditions are obtained at 500 °C for the kenaf samples. 

Surface chemistry

DRIFT analysis for raw kenaf fibers and issued chars were depicted in the Figure 11, suggesting the presence of a heterogeneous surface for the analyzed samples with multiple functional groups. Peaks detected between 3500 and 3000 cm -1 were attributed to O-H groups, characterizing the hydroxyl and carboxylic functions. As carbonization temperature increased, this peak almost disappeared at 600 °C. This could be attributed to the destruction of polysaccharides, cellulose and hemicellulose matrices accompanied with the condensation of carbon content and the release of oxygen and hydrogen in the form of CO2 and CH4. This finding was further confirmed by the modifications observed for the C=O acetyl groups related to the hemicellulose structure. The corresponding peak detected initially at 1726 cm -1 decreased in intensity until disappearing at 600 °C. It could be also observed that the peak detected at 1596 cm -1 corresponding to the C=C aromatic skeletal related to the structure of lignin polymer remained intact along the increase in pyrolysis temperature. Similarly, indicator on possible modifications of the lignin structure could be investigated at the level of peaks laying in the wavelength range between 1452 and 1427 cm -1 . In fact, no vibrations were correspondingly detected which suggests that the C-H groups associated to the lignin and carbohydrates were not affected by the increase in carbonization temperature. These observations are predictable as the degradation of lignin structure was reported to start at higher temperature (650-800 °C) [START_REF] Mendez | Hydrochars from industrial macroalgae "Gelidium Sesquipedale" biomass wastes[END_REF]. Moreover, two peaks at 1066 and 1038 cm -1 were initially observed, are related to the C-O stretch of (i) cellulose and hemicellulose and to (ii) cellulose and lignin structure, respectively [START_REF] Guo | Characteristic evolution of hydrochar from hydrothermal carbonization of corn stalk[END_REF]. As it could be remarked (Figure 11), the first peak decreased in intensity until disappearing at 500 °C, while the second peak was not affected which proves the existence of lignin structure until a treatment temperature of 600 °C. The IV/ID ratio decreases from 0.83 at 400 °C to 0.78 at 500 °C. Similarly, IV/IG slightly decreases from 0.76 to 0.75 for the same temperatures. This behavior can be explained by the char evolution structure with pyrolysis severity from amorphous to more organized carbon (turbostratic char). As for IG/ID, this ratio decreases from 0.97 at 400 °C to 0.91 at 500 °C, indicating an increase of the proportion of condensed aromatic ring structures having defects.

The D structures are created by the condensation of small aromatic amorphous carbon structures. These findings are in accordance with the results obtained for exhausted grape marc char under different thermal treatments [START_REF] Ferjani | The use of exhausted grape marc to produce biofuels and biofertilizers: Effect of pyrolysis temperatures on biochars properties[END_REF]. 

Conclusion

In this work, suitability of kenaf stems and/or its pyrolytic char at different final pyrolysis temperatures for energy, environment and/or agriculture applications is assessed. The potential use of the raw material as well as its char in agriculture was evaluated thanks to the mineral composition and content. Kinetic study of the pyrolysis of the kenaf stems using

Friedman, KAS and FWO helped getting the activation energies during the steps of the degradation. Different techniques used to characterize in-depth the biochar in terms of structure, texture, morphology, etc. of the different chars obtained after different thermal treatments gave valuable information regarding their potential as pollutant adsorbent. In particular, the already high specific areas of the 500 °C-chars may incite an activation process which would allow having activated carbons with large SSA and high contents of minerals.

When released in soils, such activated chars would be efficient in pollutant trapping.

Figure 2 .

 2 Figure 2. Dried kenaf stems.

Figure 3 .

 3 Figure 3. SEM images of raw kenaf stems after grounding and sieving at

  loss (X) and derivative mass loss (dX/dt) can be helpful in the fundamental understanding of kenaf behavior as a fuel in pyrolysis plants.The DTG profile includes three regions, corresponding to three degradation steps. The first zone starts from room temperature to 185 °C and corresponds to the kenaf drying by water loss and the departure of light volatiles. The consecutive region corresponds to the active devolatilization step, and lasts until 373 °C. During this phase, hemicelluloses and cellulose are degraded, the first being visible through a very small shoulder around 290 °C, the second being clearly seen with the peak recorded at 326 °C with an overall maximum rate of 0.044 %•s -1 . The last zone occurs between 373 °C and 800 °C, during which lignin continues its slow decomposition, causing a low and continuous mass loss rate that finally stabilizes as char is formed and rearranged. Cracking, condensation and polymerization are among the phenomena taking place during all these steps. The final char yield is 15.23 %wt.

Figure 4 .

 4 Figure 4. TG and DTG plots obtained during pyrolysis under nitrogen atmosphere of kenaf
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 5 Figure 5. TG and DTG profiles of kenaf stems pyrolysis for different heating rates
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 7 Figure 7. Activation Energies calculated with Friedman, FWO and KAS models
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 89 Figure 8. SEM images of kenaf stems biochars obtained at different temperatures (400 °C,
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 10 Figure 10. CO2 adsorption isotherms obtained at 0 °C for the kenaf chars prepared at 400,
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 11346 Figure 11: FTIR spectra of raw kenaf fibers and its derived chars produced at 400, 500 and
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 12 Figure 12. Raman spectra of the kenaf char produced at 400, 500 and 600 °C.

  

  

  

Table 2

 2 

	The elemental composition analysis shows that K (20.59 g/kg), Ca (8.16 g/kg), P (3.29 g/kg)

displays the ultimate and proximate analyses as well as the inorganic content in the kenaf samples. The obtained values are in the range of typical composition of agriculture and food processing residues reported in literature

[START_REF] Khiari | Biomass derived chars for energy applications[END_REF][START_REF] Khiari | Tunisian tomato waste pyrolysis: thermogravimetry analysis and kinetic study[END_REF]

. The ultimate analysis indicates that the carbon content of raw kenaf is about 47%wt. A fixed carbon content of 15.1%wt is obtained indicating the yield of biochar during slow pyrolysis. Using these values, the calculation of the High heating value (HHV) gives 18.54 MJ/kg, which is in the order of magnitude of other biomasses HHV

[START_REF] Gagliano | Kinetic of the pyrolysis process of peach and apricot pits by TGA and DTGA Analysis[END_REF]

. The Low Heating Values (LHV) are also determined.

and Mg (1.75 g/kg) are the major minerals present in the Kenaf stems. These are valuable elements, if the incoming step of char production keeps them in the material, as they are very useful for plants growth and development.

Table 2 .

 2 Kenaf proximate and ultimate analyses (db : dry basis, ar : as received)

	Elemental composition db (%)	Mineral composition db (g/kg)
	C	47.32 (±0.8)	Al	0.30
	H	5.20 (±0.3)	Ca	8.16
	N	0.38 (±0.03)	Fe	0.38
	S	<0.02	K	20.59
	O	47.1	Mg	1.75
	Proximate analysis (%)	Zn	0.12
	Moisture ar	4.4	Cl	0.23
	Volatile matter db	83.05	P	3.29
	Fixed Carbon db	15.80	Si	1.50
	Ash db	1.15		
	LHV (MJ/kg)	17.38		
	HHV (MJ/kg)	18.54		

Figure

3

gives the SEM images at six different magnifications (x 350, x 500, x 1500, x 2000, x 5000 and x 25000) of the kenaf stems. As shown in Figures

1 and 2

, kenaf consists in long and thin stems. One can see that after kenaf grounding and sieving, long and fine pieces (with a needle shape) are obtained (Fig 3

, x350

). Kenaf structure consists in tubular alveoli alignments with various length (close to 100 µm). This allows understanding the low density of the dry material due to a large part of empty cavities. At higher enlargement, one can see the presence of macropores (diameter below 1 µm) in some of the cell walls. These cavities are naturally present in the primary wall to ensure the communication between the cells. These cavities are also called areas of primary punctuation. EDX analyses (not shown) indicate the presence of the different elements shown in Table

2

, with a good homogeneity in the kenaf material.

Table 3 .

 3 Characteristic parameters corresponding to the TG of kenaf carried out under inert pyrolysis (1 °C/min)

	Zone	Parameter Value
	Drying	T (°C)	25-185
		X (%)	0.1-5.5
		T (°C)	185-373
	Active Pyrolysis	X (%) Tpeak (°C)	5.5-74 326
		R (%•s -1 )	0.0044
	Passive	T (°C)	373-800
	Pyrolysis	Char (%)	15.3

Table 4 :

 4 and Figure 7. One can see that the three models give very close values of activation energies during the decomposition. The mean activation energy values for kenaf stems calculated by Friedman, FWO and KAS Calculated Energy activation with R² values from Friedman, FWO and

	methods were 202.3, 187.3 and 178.5 kJ/mol respectively and are close to other cellulose-rich
	biomasses [32].

Table 5 .

 5 Proximate analyses of the produced biochars (%db)

		Pyrolysis Temperature (°C)
		400	500	600
	Volatile matter	34.5	25.9	19.9
	Fixed carbon	60.2	67.5	73.2
	Ash	5.3	6.6	6.9

Table 6 .

 6 Mineral composition of the chars obtained at different temperatures (g/kg)

	Element	400	500	600
	(%wt)			
	Na	1.8	2.4	2.2
	Mg	9.0	10.3	11.8
	Al	0.4	0.5	0.6
	Si	0.6	0.8	0.7
	P	1.0	1.3	1.4
	S	1.1	1.5	1.5
	Cl	-	0.2	0.2
	K	5.8	7.3	7.7
	Ca	5.7	6.8	7.2
	Fe	0.3	0.3	0.3
	Zn	4.9	2.3	2.3
	Sr	0.1	0.1	0.1

Table 7 .

 7 Textural properties of the kenaf chars prepared at 400, 500 and 600 °C calculated from the CO2 adsorption isotherms

	Char SSA (m 2 /g) Vmicropores(cm 3 /g) Mean pore diameter (nm)
	400 °C	161.9	0.051	1.26
	500 °C	261.2	0.088	1.36
	600 °C	213.7	0.077	1.45
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Moreover, the char minerals composition include K and P which encourage their use for soil amendment applications as biofertilizers.