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Abstract 10 

Conversion of agro-wastes into energy can be key to a circular-driven economy that could 11 

lead to models for sustainable production. Thermochemical processing is an interesting 12 

alternative for the upgrading of agro-wastes to energy. However, owing to the complex and 13 

largely unknown set of reactions occurring during thermal breakdown, to ensuring consistent 14 

quality of the final products is still a goal to achieve at industrial level. The present study 15 

investigates the evolution of solid products of pyrolysis, to gain some insights in these 16 

complexities. Chars derived from slow pyrolysis (200-650 °C) of citrus pulp in a horizontal 17 

reactor have been characterized by means of Fourier Transform Infrared spectroscopy (FT-18 

IR), X-Ray Diffraction (XRD), Thermo Gravimetric Analysis (TGA) and Scanning Electron 19 

Microscopy (SEM). Results are discussed also in light of similarities with coal thermal 20 

breakdown. 21 

At temperatures below 300 °C, changes in solid matrix are mainly due to breaking of 22 

aliphatic compounds. Significant changes in char structure and behavior then occur between 23 

300 °C and 500 °C mainly related to secondary char-tar reactions. Above 500 °C, changes 24 

appear to occur mainly due to recombination reactions within matrix, which thereby becomes 25 

progressively less reactive. 26 

Keywords: citrus waste, pyrolysis, char reactivity, downdraft gasification27 
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Introduction 29 

During the past 200 years, several methods have been proposed to efficiently gasify biomass. 30 

Different types of gasifiers potentially suitable to the different types of biomass, desired 31 

power and general conditions have been designed. Downdraft and updraft gasifiers are more 32 

suitable to small scale applications [1] and hence particularly desirable in rural areas where 33 

conversion to energy of abundant agro waste would offer a significant support to local 34 

economies while contributing to solve existing disposal issues [2]. 35 

Despite gasification has been known for a long time, although extensive research effort and 36 

significant incentive schemes have been implemented in several countries in order to support 37 

its industrial and commercial development, current lack of fundamental knowledge on 38 

biomass thermal breakdown still impedes the widespread of the technology [3,4].  39 

The gasifying section of downdraft set-ups normally follows a pyrolysis stage in which 40 

biomass experiences increasing temperatures in a non-oxidative environment to break down 41 

into a solid carbonaceous material (char) and a hot mix of reactive vapors and non-42 

condensable gases. The extent and type of the numerous reactions occurring within the hot 43 

fluid and between the fluid and the solids is highly dependent on the system set-up [5,6]. In 44 

moving bed systems, such as downdraft gasifiers, a relatively tall stack of chipped or 45 

shredded, typically inhomogeneous, biomass is piled up to slowly undergo thermal 46 

breakdown as temperature rises towards the gasification section. While solids move 47 

downwards through an increasingly hot bed, they experience different fates depending on the 48 

sequence of events that they undergo. The complexity at hand is exacerbated by significant 49 

heat and mass transfer limitations [7,8] as well as synergistic effects among the macro-50 

constituents of ligno-cellulosic feedstock [9, 10].  51 

In summary, efficient gasification of chars that evolve out of the pyrolysis stage of a 52 

downdraft set-up, largely depends on the specific, reactor’s related, pyrolysis process that the 53 

chars have come out of [11].  54 

Several authors have studied the evolution of chars in different type reactors: Zhao and co-55 

workers [12] investigated the effect of pyrolysis temperature on char structure in an entrained 56 

flow reactor and found that pyrolysis between 500 and 900 °C resulted in ring condensation, 57 

which produces large aromatic ring systems containing six or more fused benzene rings. Song 58 

and coauthors [13] recently investigated the reactions among fresh coal and biomass tar with 59 

biomass chars to find that the aromatic structures in tar are more reactive with char than the 60 

non-aromatic structures, especially at temperatures above 800 °C. Xin and coauthors [14] 61 
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observed how dehydration due to cleavage of intra- and inter-molecular hydrogen bonds (H-62 

bonds) was the primary reaction in pyrolysis of cellulose at temperatures below 300 °C and 63 

that above 300 °C dehydration occurred principally inter-molecularly along with 64 

decarbonylation, ring-opening and aromatization. In a recent study, the present authors have 65 

investigated the pathways that influence the reactivity of chars produced in a horizontal batch 66 

set-up simulating the pyrolysis stage of a downdraft gasifier [15]. While that work 67 

highlighted how chars evolve depending on the evolution of C and H in solids, further 68 

investigation is required to continue develop the argument and shed some additional light into 69 

the factors that govern the physical and chemical characteristics of solid products of pyrolysis 70 

especially at temperatures between 300 and 650 °C.  71 

The present study tackles this issue, by providing a FT-IR, XRD, TGA and SEM 72 

characterization of pyrolysed lemon and orange pulp in search for clues on reactions among 73 

volatiles and solids and within the solids themselves during thermal decomposition. The 74 

results are discussed also in light of early research on coal. As reported in previous works 75 

[6,15], the comparison between coal and biomass thermal breakdown deserves investigation 76 

and the subsequent analysis will attempt at highlighting similarities. The study is also 77 

intended to support operators who look for indications to design real scale set ups and set 78 

operational parameters of existing reactors. 79 

Materials and methods 80 

System Set-Up 81 

A horizontal fixed-bed type reactor, derived from the standard Gray-King (GK) assay test on 82 

coal was purposely modified to conduct pyrolysis tests. The reactor design and full details of 83 

set-up are described in [16,17]. Briefly, the system consists of a quartz-made cylindrical 84 

reactor 340 mm long and 20 mm i.d. closed at one end. A special quartz cap equipped with an 85 

8 mm i.d. quartz inner tube allows a flow of inert gas through the feedstock to sweep volatiles 86 

away into a cold trap (mix of glycol, dry CO2 and water bath kept at -27 °C) used to collect 87 

condensable products for mass balances. 88 

Sample preparation 89 

Peel waste from lemon, “Femminello” variety, and blonde orange, “Tarocco” variety, were 90 

collected as a wet pulp, right after being processed at factory located in Messina province, 91 

Sicily. The pulps were oven dried for 48 h at 60 °C and then 6 h at 105 °C to get rid of 92 

moisture. Lemon and orange pulp (LP and OP) showed respectively 83.7 % and 78.9 % 93 
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moisture by weight (as received basis). LP contained also approximately 7.5 % by weight 94 

(%w/w db) of seeds while no seeds were present in OP. Dried LP and OP were milled and 95 

again oven dried for 12 h prior to grinding and sieving to < 850 m particle size. The 96 

feedstock was then oven dried again at 105 °C and then sieved to select particle size range 97 

between 200 and 850 µm and then pyrolysed in order to produce the chars for subsequent 98 

analyses. 99 

Test Run 100 

A series of pyrolysis experiments (150 °C – 650 °C peak temperatures) have been carried out 101 

under a flow of 1.5 L min
-1

 of Nitrogen (Airliquide 5.0 Alphagas 1); a detailed description is 102 

provided on [17]. Approximately 10 g (db) of sample were heated to the desired peak 103 

temperature at 50
 
°C min

-1
 heating rate and held at peak value for 30 minutes. Gas residence 104 

time was calculated to be approximately 3.3 s. Bio oils were condensed in a cold trap held in 105 

a thermostatic bath kept at -27 °C while non-condensed gases were filtered and vented out 106 

safely. At end of run, chars were left to cool naturally to room temperature and collected for 107 

further analyses. Char yields (Mchar/Mraw %w/w db) were calculated to compare results 108 

obtained in previous studies only with the purpose of validating the runs. Runs showing char 109 

yields out of a ± 5% error range were repeated. Neither bio-oil nor gases were analyzed in the 110 

present study. 111 

Analytical determinations 112 

Proximate analyses were conducted on raw materials, as well as chars, in a TA Instruments 113 

Discovery TGA, Q50. Moisture content (MC), volatile matter (VM), and ashes of solid 114 

samples were determined according to the following thermal program:  115 

1) 20 °C/min ramp to 105 °C in N2, hold time 30 min to eliminate and determine any residual 116 

MC;  117 

2) 15 °C/min ramp from 105 °C to 900 °C in N2, hold time 7 min to determine VM;  118 

3) 15 °C/min cooling down to 500 °C in N2;  119 

4) 15 °C/min ramp to 900 °C in air and isothermal for 10 min to determine ash content.  120 

Fixed carbon (FC) was evaluated by difference via the following formula: 121 

FC = Mi – MC – VM – Ash    (1) 122 

where all numbers are expressed in grams and Mi indicates the original ‘as received’ mass of 123 

sample.  124 
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Ultimate analyses were performed using a CE Instruments Flash EA 1112 analyzer at Medac 125 

Ltd laboratories in Woking UK. Higher heating values (HHV) were evaluated according to 126 

the CEN/TS 14918 standard by means of a LECO AC500 calorimeter. 127 

FT-IR study was carried out on a Perkin Elmer FT-IR 100 spectrometer. The spectrometer 128 

was set to work in transmission mode. Background subtracted spectra were collected at room 129 

temperature by co-adding 64 scans at 4 cm
-1

 resolution. The data were baseline corrected 130 

using Spectrum 10™ software.  131 

The evolution of aromaticity in samples was calculated as the ratio Iar/Ial between the 132 

intensities at: 133 

- Iar wavenumber associated to the stretch of C=C bonds (C=C), and 134 

- Ial wavenumber associated to the C-H stretch in aliphatic bonds (CHal) 135 

X-ray diffraction (XRD) analysis was performed on an X’Pert Pro PANalytical. Diffraction 136 

patterns were recorded with Cu Kα radiation (40 mA, 45 kV) over a 2-range of 5 to 60º and 137 

a position-sensitive detector using a step size of 0.05º and a step time of 120 s. The XRD 138 

patterns were further processed using the accompanying software in the equipment, 139 

X’PertHighscore Plus. 140 

Finally, SEM micrographs were taken using a JEOL JSM6400 scanning electron microscope.  141 

 142 

Results and discussion 143 

Table 1 presents proximate and ultimate analysis of the samples investigated. Data show the 144 

expected decrease in VM with temperature and subsequent increase of FC and C. H shows 145 

limited reduction up to 300 °C to then decrease significantly above that temperature.  146 

 147 

Table 1. Proximate and Ultimate analysis of Lemon Pulp  and Orange Pulp chars. Numbers 148 

in sample names stand for the peak temperature they were obtained at in the reactor. 149 

All values are given in %w/w daf except for ash which is given in %w/w db. 150 

 Proximate Analysis  Ultimate Analysis  HHV 

 VM% FC% Ash%  C (%) H (%) N (%) O(%)  (MJ kg
-1

) 

LPRAW 75.1 24.8 2.0  47.7 5.2 1.3 45.5  18.4 

LP200 69.6 30.3 3.2  52.2 5.2 1.4 40.9  21.0 

LP250 65.6 34.3 3.6  57.9 5.3 1.8 34.8  23.2 

LP300 57.0 42.9 3.5  63.9 4.8 1.9 29.2  26.3 

LP335 50.0 49.9 3.7  68.0 4.4 2.0 25.4  28.7 

LP400 40.6 59.3 4.7  70.2 3.6 1.7 24.3  30.4 

LP500 37.3 62.6 6.9  76.0 2.7 1.9 19.2  31.2 
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LP650 25.7 74.2 6.8  79.9 1.8 1.7 16.4  30.9 

           

OPRAW 71.0 28.9 2.5  48.5 5.2 1.1 45.1  18.1 

OP200 71.8 28.1 2.1  53.0 5.2 1.2 40.5  21.4 

OP250 59.8 40.1 2.1  57.5 4.8 1.4 36.1  23.3 

OP300 50.3 49.6 3.4  64.5 4.6 1.7 29.1  26.7 

OP325 48.7 51.2 3.6  68.7 4.3 1.9 25.0  28.7 

OP400 40.4 59.5 4.8  71.8 3.6 1.7 22.6  31.2 

OP500 38.4 61.5 4.9  77.6 2.8 1.7 17.7  31.8 

OP650 27.6 72.3 7.9  84.0 1.8 1.3 12.7  31.3 

 151 

FT-IR 152 

Figure 1 shows the FT-IR patterns of samples while Table 2 reports the principal components 153 

associated with the different wavenumbers relevant to present study [18,19].  154 

 155 

 156 

 157 

Table 2. Components in Biomass and Chars and assignment to wavenumbers. 158 

Wavenumber (cm
-1

) Assignment 

1050 multiple C-O-R stretching (νC-O-R) 

1550 - 1605 C=C stretching from aromatic skeletal vibration (νC=C) 

1720 C=O carbonyl stretching (νC=O) 

2920 C-H stretching (νC-Hal) 

3000-3500 O-H hydroxyl stretching (νO-H) 

 159 

The patterns show that thermal treatment produced clear changes in the chemical 160 

functionalities and therefore in the chemical composition of the chars for both feedstocks. 161 

Remarkably, the intensity of the hydroxyl groups, of the C-H stretching associated to 162 

aliphatic compounds and the carbonyl band C=O decreased with increasing temperature. All 163 

of these features gradually disappear and, in particular, at 650 °C, samples show very limited 164 

residual functionalities especially in OP. The band ascribed to C-O-R functions evolves 165 

following the same trend with clear intensity depletion though it does not fully disappear with 166 

increasing severity of thermal breakdown. On the other hand, the bands attributed to aromatic 167 

compounds appear to remain after the thermal treatment to practically disappear only for 650 168 

°C samples. However, for both LP and OP, this band is shifted towards lower frequencies 169 
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(from 1605 to 1550 cm
-1

) as severity of process increases, indicating a change in the chemical 170 

environment of the C=C bonds that should be linked to some degree of chemical 171 

reorganization and graphitization as will be discussed in the following sections of the work.   172 

 173 

Figure 1. FT-IR patterns for LP (a) and OP (b) 174 

As expected, and also confirmed by ultimate analysis, the plots show a distinct reduction of 175 

O-H, C=O and C-O-R chemical functionalities, which could be due to the decomposition of 176 

alcoholics groups, ester, carboxylic acid, aldehydes, etc. In addition, the aliphatic compounds 177 

tend to gradually disappear while the aromatic structures remain (although modified) with 178 

increasing severity of process. This findings are backed up by results described in [12,14]. 179 

And also by early discussion on coal. In the ‘Pyrolysis’ chapter of ‘Chemistry of coal 180 

conversion’ [20], Peter Solomon and David Hamblen describe how, at low temperatures 181 

(200-250 °C), aromatic ring structure undergo limited rearrangement while break down of 182 

aliphatic structures results in CO2 from carboxyl and H2O from hydroxyl groups. In the 183 

present case, a shift in aromatic band starts at 300 °C and above, for both samples, but the 184 

change is slightly more prominent in LP which also shows an aromatic peak at 650 °C (not 185 

present on OP). 186 

a) b) 
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 187 

Figure 2. Index of Aromaticity defined as the ratio Iar/Ial plotted vs. pyrolysis peak 188 

temperature. Where Iar is the wavenumber associated to the stretch of C=C bonds (C=C), 189 

and Ial is the wavenumber associated to the C-H stretch in aliphatic bonds (CHal). 190 

The Index of Aromaticity, plotted vs. Pyrolysis peak temperature on Figure 2, offers elements 191 

for further discussion. Before undergoing thermal breakdown, raw matrix contains both 192 

aliphatic and aromatic compounds (mainly in lignin). When temperatures rise, between 300 193 

and 400 °C, pyrolysis transforms woody biomass into a tarry vapor containing a mix of 194 

complex compounds, non-condensable gases and heavier hydrocarbons [21]. Picking on 195 

relevant discussion from [20], it may be inferred that, similarly to what happens to coal, up to 196 

400 °C, the hot tarry vapors described in [21] and lighter hydrocarbons, are initially released 197 

from solids preferentially due to breaking of the aliphatic compounds. The fluid then evolves 198 

1) by polymerizing on or 2) by cracking upon contact with hot solids. This explains the 199 

reduction of aliphatic compounds shown on Figure 1 and the increase in Aromaticity index 200 

shown on Figure 2. This finding is also in line with what reported on [12] for pyrolysis of 201 

biomass in an entrained flow reactor for temperatures above 500 °C.   202 

At higher temperatures (at and above 400 °C) the less intense signal in FT-IR is related to 203 

aromatics undergoing condensation reactions and forming more rigid structures closer to 204 

graphite. That explains the progressive shift of aromatic peaks to smaller wavenumbers in 205 

Figure 1. This is confirmed by subsequent XRD analysis and also by reduced reactivity of 206 

chars at and above 400 °C described in the following sections. 207 
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Notably, between 300 and 400 °C, OP and LP show a clear scatter in the degree of 208 

aromaticity. The apparent uncertainty of those data is deemed related to the uncertainty of the 209 

actual fate of evolving tars within the solid matrix at a temperature around which the 210 

production of heavier compounds vs. light hydrocarbons approaches its highest degree [15, 211 

17, 22]. In [21], Boon and co-workers describe how the solid carbohydrate fragments that are 212 

left behind during volatilization in pyrolysing cellulose, provide ‘condensation sites’ that 213 

prevent further volatilization of tarry fluid. In order to react with solids, tars would need to 214 

reach the solid surface or diffuse into the solid pores, and this appears to be the slow step in 215 

the process. Again, we may highlight significant similarities with coal.  216 

In coal liquefaction experiments, tetralin is used as an H donor to stabilize fragments 217 

resulting from thermal cleavage of bonds. In [24], Hershkowitz proposes a mechanism 218 

according to which after thermal breakdown, donatable H in tetralin either stabilizes 219 

fragments or recombination reactions occur. There, if the rate of use of tetralin is high, 220 

physical limitation for tetralin to diffuse through the evolving porous matrix shows to be the 221 

limiting factor. In the present case, a vapor (tar) evolves from and can condense on a solid. 222 

When vapors are produced at higher rate (between 325 and 400 °C), the condensation 223 

reactions occurring between tars and chars depend on the physical path that vapors take 224 

around and within evolving particles. Physical contact may be limited if particularly small 225 

and tortuous porosity is generated in evolving chars. 226 

In Figure 3, H/C atomic ratio is plotted against O/C. Both feedstocks show remarkably 227 

similar results at all the analyzed temperatures, thereby supporting the assumption that, as 228 

tars evolve rapidly from solids between 325 and 400 °C, the elemental composition of solids 229 

is similar, but the way the matrix gets rearranged depends on a series of factors mainly 230 

controlled by the amount of physical tar-char interactions occurring. 231 
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 232 

Figure 3. H/C vs. O/C atomic ratios. 233 

Figure 3 also shows that as temperature increases, both H/C and O/C decrease consistently 234 

showing a good linear fit and very little difference between feedstocks. Notably, there is an 235 

evident change in rate of evolving O/C and H/C ratios between chars obtained up to 300 °C 236 

and chars obtained at and above that temperature. Furthermore, up to 300 °C, H/C decreases 237 

at approximately the same rate as O/C, then, at and above 325 °C, H/C starts decreasing 238 

approximately 3 times faster than O/C. This represents a further confirmation of previous 239 

findings reported on [25] where the authors highlighted the role of hydrogen in the evolution 240 

of products during thermal breakdown of biomass in a similar set up. There, a faster decrease 241 

of hydrogen in solids, occurring above 300 °C, was deemed responsible of a fast change in 242 

solids physical properties. 243 

FT-IR patterns also show this, and in fact OP char at 650 °C does not present any significant 244 

FT-IR feature, which means that there is very limited presence of chemical functionalities (at 245 

least any chemical group active in IR), while it may be observed that LP650 conserves some 246 

aromatic groups as potential reactive sites. This observation correlates well with the XRD 247 

results in terms of the degree of graphitization as described in the following section. 248 
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X-ray diffractograms 249 

The X-ray diffractograms of the feedstocks and the chars produced at different pyrolysis 250 

temperatures are shown in Figure 4. Again, both feedstocks show similar behaviors. The raw 251 

materials present a slight peak at 2~16
o
 and a broad peak at around 2~22

o
. These signals 252 

correspond to the crystalline structure of cellulose, which appears to be lost as the 253 

temperature rises [19, 26]. These peaks are only observed for temperatures lower than 300 ºC 254 

and cannot be distinguished at 300 ºC. This suggests that from 300 °C cellulose has reacted 255 

or lost its crystalline structure. 256 

 257 

Figure 4. XRD patterns of the original feedstock and the chars produced at different 258 

pyrolysis temperatures from: a) LP; and b) OP. (*) cellulose and (♦) graphite. 259 

At temperatures lower than 500 ºC, samples show little differences in their crystalline phases. 260 

However, when temperature reaches 500 ºC, a broad peak at 2~26
o
 and a small peak at 261 

2~44
o
 (500 and 650 °C samples only) can be observed. These signals seem to correspond to 262 

the incipient formation of graphitic structures, typical of pyrolysis process. As 263 

devolatilisation proceeds, carbon content in solids increases as shown in Table 1. Less 264 

reactive carbon remains in the matrix due also to the above mentioned polymerization and 265 

cracking reactions [15]. Note that volatiles can also be cracked in active catalytic centers 266 

originated by surface defects or the inorganic content of the biomass, especially Na and K 267 

[27, 28].  268 

The unreleased carbon originally present in the matrix and/or the deposited carbon formed by 269 

secondary reactions become more graphitic (i.e. more structured and less amorphous) as 270 

temperature and reaction time increase above 400 °C. However, the relatively low 271 

temperatures and limited hold time at peak value may be deemed responsible for the general 272 

relatively low graphitic structure of the chars, as can be concluded from the low intensity of 273 
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graphite signals. Note that OP chars produced at 500 and 650 °C present some clearer 274 

graphite signals than those of LP. However, patterns are quite similar to those from activated 275 

carbons, which are predominantly amorphous carbonaceous structures [29, 30]. 276 

Earlier work on biomass and on coal may provide grounds for further discussion. In [20] the 277 

pyrolysis of coal is described as a depolymerization and thermal decomposition of functional 278 

groups with the products competing for donatable hydrogen. In [15] and in [25], the release 279 

of hydrogen during thermal breakdown, occurring more prominently above 325 °C in the 280 

same set-up, was correlated with the loss of reactivity of carbon and the reduction in calorific 281 

value of the chars. The present results corroborate previous arguments and give rise to further 282 

information on the rearranging of carbon in the biomass matrix as volatiles are released from, 283 

and in turn react with, solids at and above 325-335 °C. Remarkably, the graphitic content of 284 

the char appears more intense in OP than in LP. Thus the OP samples are expected to show 285 

lower reactivity than LP ones. 286 

TGA 287 

Figure 5 presents TG and DTG curves for OP and LP chars under analysis. The curves show 288 

a distinct separation mark among three groups of chars both for Lemon and Orange 289 

feedstocks: i) Raw-250 °C; ii) 300-400 °C; iii) 500, 600 °C. When heated in an inert 290 

environment, chars obtained at 200 and 250 °C largely maintain the same behavior as raw 291 

feedstock. Also, DTG curves show that substances volatized in TGA up to 330 °C may be 292 

largely divided in two classes: 1) volatiles which are released with relatively low 293 

consumption of energy and 2) volatiles which require temperature in TGA to rise to 330 °C 294 

to be volatized.  295 

In particular, we may notice a sharp increase of the rate of volatilization (DTG) occurring just 296 

above 200 °C for raw feedstock and at slightly higher temperature for 200 °C char. This 297 

lower-temperature peak disappears on chars obtained at and above 250 °C. This first sharp 298 

peak may be related to what Kilzer and Broido called ‘dehydrocellulose’: the endothermic 299 

reactions which occur when cellulose is heated in the range of 200-280 °C [31]. When heated 300 

slowly up to 200 °C, cellulose was reported to release mainly H2O, and then to start releasing 301 

CO and CO2 when temperature was risen up to 250 °C, meanwhile unsaturated C-C bonds 302 

are left in solids [32]. This is also confirmed by the XRD spectra in Figure 4, which show no 303 

apparent crystallinity related to cellulose in samples pyrolysed at and above 250 °C.  304 
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When temperature is further increased in the TGA, the three samples (Raw, 200 and 250 °C 305 

chars) show a prominent peak in DTG occurring at very near 330 °C for both feedstocks. 306 

Notably, this peak occurs quite sharply at a remarkably narrow temperature band (328-332 307 

°C) and does not show any shift in temperature as severity of pyrolysis increases up to 250 308 

°C.  309 

It should also here be remarked that the chars under analysis have been obtained in a set-up 310 

which significantly favors secondary reactions. The present data then signifies that the 311 

substances volatized up to 250 °C are swept away from the reactor after little or no reaction 312 

with the remaining chars, thereby confirming what stated in [32] where authors assumed that 313 

mainly H2O, CO and CO2 are released up to 250 °C. 314 

Further explanation on products evolution is also provided by FT-IR patterns. O-H band 315 

appears with evident intensity on both OP and LP chars obtained to up to 250 °C and then 316 

significantly reduced on 300 °C chars and above. The stretch band related to aliphatic C-H, 317 

on the contrary, appears with significant intensity on raw feedstock and on all chars obtained 318 

up to 400 °C. It may be inferred that the second peak in DTG (the one at 330 °C) is related to 319 

the breaking of the aliphatic bonds within the matrix.  320 

Moreover, by looking at what happens to chars obtained at 300 – 400 °C, it may be noticed 321 

that the 330 °C DTG peak is a) clearly broaden and less intense and b) shows an evident shift 322 

towards higher temperatures for both OP and LP. This also confirms what discussed on FT-323 

IR patterns and aromaticity index. As temperature is risen above 300 °C in the GK reactor, 324 

the aromatic compounds present in the parent feedstock start to rearrange while the tarry 325 

fluids evolving from solids react with the solids themselves in a series of reactions dependent 326 

on a numerous set of variables which, altogether, determine a progressive stabilization of the 327 

thermally decomposing material. While this complex set of phenomena is responsible for the 328 

broadening of the DTG curves for samples obtained at and above 300 °C, the shift in 329 

maximum DTG confirms that the matrix becomes progressively more stable. In particular, 330 

LP300 DTG peak is significantly higher than that of OP300, while little differences are to be 331 

noticed in chars obtained at 325-335 °C and 400 °C. This is probably be related to specific 332 

fate undergone by the aliphatic compounds in the analyzed samples.  333 
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 334 

Figure 5. TGA and DTG curves of LP and OP 335 

The observed shift in DTG peak for higher temperature chars also provides the following 336 

insights. In Figure 6, the temperature at which the maximum of DTG occurs (Tdtgmax) is 337 

plotted vs. Pyrolysis peak temperature (Tp-peak). The plot shows two clearly distinct areas 338 

between samples subject to pyrolysis below and up to 300 °C and samples which have 339 

experienced more severe treatments. The first ones show the clear and repeatable Tdtmax at 340 

330 °C, while the other chars show higher Tdtmax. The evidence that Tdtmax > Tp-peak, is 341 
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certainly no surprise especially in the present case, where chars are obtained in a reactor that 342 

strongly favors secondary reactions, partly responsible for the loss of reactivity of solids. 343 

Nonetheless, the difference between Tdtmax and Tp-peak (∆Tdtmax-ppeak) may provide interesting 344 

information. In Figure 6 ∆Tdtmax-ppeak is represented by the distance between the experimental 345 

points and the ideal Tdtmax = Ppeak case (represented by a dashed line in the figure). This 346 

distance is clearly related to different pyrolysis conditions experienced by feedstock in GK 347 

and, subsequently in the TGA.  348 

 349 

 350 

Figure 6. Maximum DTG temperature vs. Pyrolysis peak temperature 351 

Compared to the TGA, GK set-up is clearly expected to lead to significantly more extra-352 

particle secondary reactions responsible to progressive loss of char reactivity. Char-tar 353 

reactions and subsequent loss of char reactivity are functions of both the rate of tar 354 

production at a certain temperature and the extent and type of reactions induced by the 355 

temperature itself. In the present case, however, the loss of reactivity of chars in GK is also 356 

due to recombination reactions induced by the residence time of samples at peak temperature. 357 

Whilst further studies would be needed to decouple the role of char-tar vs. matrix 358 

recombination reactions, ∆Tdtmax-ppeak may be used to qualitatively represent the total loss of 359 

char reactivity related to present reactor configuration. Notably, the higher ∆Tdtmax-ppeak is 360 

observed between 325 °C and 500 °C: the temperature interval at which tar is released more 361 

prominently in GK set up [15, 17, 33, 34]. 362 

In addition, data plotted in Figure 6 provides further strength to the commonly known 363 

‘conventional transition line’ between torrefaction and pyrolysis normally located between 364 
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280 and 300 °C peak temperatures [25]. Finally, the fact that DTG curves of the two 365 

feedstocks are very similar above 500 °C supports previous findings that demonstrated how 366 

fixed carbon formed by secondary reactions is formed mainly below 500 °C [21]. 
 

367 

SEM 368 

SEM images have been taken with the aim of studying the morphological properties of the 369 

chars. The evolution of structure of biomass particles during pyrolysis is a factor that can 370 

influence the chemistry of the process, and, in turn, their reactivity [35, 36]. Figure 7 shows 371 

the SEM images obtained for raw LP, pyrolysed at an intermediate temperature (300 °C) and 372 

at high temperature (650
 
°C), and Figure 8 shows the same images for the OP. In spite of the 373 

low heating rate used for the pyrolysis process, the morphology of both OP and LP chars 374 

differs substantially from the raw feedstock.  375 

In general, when woody biomass is pyrolysed, chars conserve the fibrous nature of the 376 

original structure even at high temperatures and this structure is only lost when subject to 377 

high heating rates [11, 27, 36, 37]. However, in the present case, it can be clearly observed 378 

that the surface of the chars appears much more homogenous than the original feedstock. In a 379 

previous work on olive trimming and pulp, chars produced from the same horizontal reactor 380 

under similar heating rate and peak temperatures [25], the authors showed how the surface of 381 

the samples would become more homogeneous as feedstock was subject to increasing 382 

severity of slow pyrolysis. In that case, it appeared clear how the general structure of the 383 

biomass was preserved and the authors related the change in superficial appearance of 384 

samples to coating and bubbling phenomena possibly related to secondary char-forming 385 

reactions. In this case however, the original structure of feedstock appears to be lost and the 386 

treated biomass shows what may be related to a softening phase possibly linked to melting of 387 

Pectin which starts occurring at 150 °C leaving evidence still at 300 °C [38, 39]. Naturally it 388 

cannot be excluded that what is seen in present micrographs is also related to secondary 389 

charring, especially at higher temperatures. however, high VM content has already been 390 

reported to affect the chances of the biomass particles to melt [11] and coalescence of pores 391 

and softening biomass were also reported on constant pressure reactors by Pohlmann et al. in 392 

[18].  393 

In the present case, the phenomenon seems more favored in LP, where, in Figure 7 it is clear 394 

that at both 300 °C and 650 °C the surface appears more homogeneous than that of OP 395 

(Figure 8). OP char produced at 300 °C, in fact, presents a mixed morphology of smooth 396 
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surfaces and small particles more similar to the original biomass or possibly related to 397 

secondary char depositions. This finding could well relate to the higher pectin content of LP 398 

compared to OP [40].  399 

The development of porosity can also be affected by the mentioned softening and coating 400 

phenomena. As it can be observed, the chars produced from OP, present what appears to be a 401 

small development of macroporosity whereas in the case of chars from LP no apparent 402 

macroporosity can be observed. Naturally this is only qualitative visual evidence and any 403 

relation with gas adsorption analysis, would be useful to quantify results [41]. 404 

 405 

Figure 7. SEM images (100x and 1000x) of: a) raw lemon pulp; b) lemon pulp pyrolysed at 406 

300 °C; and c) lemon pulp pyrolysed at 650 °C. 407 

a) b) c)
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 408 

Figure 8. SEM images (100x and 1000x) of: a) raw orange pulp; b) orange pulp pyrolysed at 409 

300 °C; and c) orange pulp pyrolysed at 650 °C. 410 

Factors like heating rate or secondary reactions with volatiles are known to have an impact on 411 

the development of porosity. In particular, the reactions between evolving volatiles on hot 412 

solids can modify the surface of the chars. Both polymerization and cracking of tarry 413 

compounds may play a significant role. The growth of the carbon deposits can end up in pore 414 

blockage, thus reducing porosity as it may also be inferred by results in [22]. A specific 415 

evidence of secondary charring in the solids produced from OP can be observed at the highest 416 

magnification in Figure 8c. The walls of macropores (highlighted by the dashed arrow) show 417 

several fibers typically formed by carbon deposition during hydrocarbons cracking [42, 43].  418 

The development of porosity of chars is also certainly influenced by the heating rate applied 419 

in present case. In general terms, micropores are known to be favored by slow heating, while 420 

a) b) c)

20μm
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high heating rates give rise to the development of macroporosity due to the fast escape of 421 

volatiles [11, 43-46]. In addition, the heating rate also plays a role in the resulting particle 422 

size of the chars, since high heating rates give rise to phenomena like particle breakage (due 423 

to violent volatile releasing) or swelling. As a result, chars produced at high heating rates 424 

may present lower particle size than the original biomass [37, 44]. This would not happen 425 

when feedstock is heated slowly such as in present case, where particles appear to have 426 

preserved their size.  427 

 428 

Conclusions 429 

The present study highlights results of biomass slow pyrolysis experiments, also in light of 430 

early research on coal. The results sheds some additional lights in the complex pathways 431 

which govern the evolution of solids during thermal decomposition in downdraft-like set-ups 432 

which favor secondary tar char reactions. The temperature range between 300 and 500 °C is 433 

highlighted as the window within which the major changes in matrix occur due to secondary 434 

reactions. Changes occurring below or above that temperature range, up to 650 °C, appear 435 

related mainly to rearrangements of compounds within the matrix. In particular, changes 436 

occurring up to 300 °C are mainly related to the breaking of aliphatic bonds, while, changes 437 

above 500 °C appear connected to rearrangement of the aromatic structures which cause a 438 

reduction in the reactivity of solids. 439 

Limitations to the diffusion of tar within the evolving porosity of chars become significant 440 

and play an important role when rate of tar production is high between 300 and 400 °C. A 441 

qualitative measure of loss of reactivity in solids, due to char-tar reactions and to 442 

rearrangements within matrix is represented by the difference between the temperature at 443 

which maximum DTG occurs in chars vs. the pyrolysis peak temperature at which those 444 

chars were obtained. 445 

 446 
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