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ALHASSAN ADEKU SALLAU %, UMAR FARUQ HASSAN 2, ALHAJI MODU KOLO 2, ALIYU
JAURO ®, ENO OKON EKANEM *

EFFECT OF CARBONIZATION TEMPERATURE ON PROPERTIES OF CHAR FROM
CANARIUM SCHWEINFHURTHII (ATILI) SEEDSHELL

The effect of carbonization temperature on canarium schweinfhurthii seed shell was
investigated. Atili seed shell particles was carbonized at different temperatures of 600, 800, 1000
and 1150°C under inert condition for 60 minutes each to obtain char products. The effect of
temperature on the properties of char was investigated in detail, using several characterization
techniques including, mass yield, elemental analysis, and electrical property measurements while
structural transformations were monitored using X-ray diffraction, Fourier transform infrared
(FTIR) spectroscopy and scanning electron microscope (SEM) techniques. The char vyield
decreased from 30.50 % to 26.55 % as the temperature increases from 600°C to 1150°C. The fixed
carbon (82.3 to 92.66 %) and ash content (1.35 to 1.72 %) increase as temperature increase while
the volatile matter (12.61 to 4.18 %) and moisture content (3.81 to 1.44 %) decreases. Ultimate
analysis showed elemental carbon to increase from 85.96 % to 95.79 %. The electrical conductivity
of obtained char improved significantly (1.99 x 10® to 7.24 x 10 S/cm) as well as the structural,
morphology and near graphitization of char. Statistical analysis of the FTIR and XRD data via the
principal component analysis showed similarity trend on the effect of temperature on the
carbonization products. The improved electrical property, pore development in char morphology as
well as the development of near graphitization features suggest possible use as electrode materials.

Keywords: carbonization, correlation, conductivity, morphology, stacking.

Hocniooceno eniue memnepamypu KapboHizayii Ha 000IOHKY HaciwHa —canarium
schweinfhurthii. Yacmunxu oboronku macinus amini kapOOHIZyeanu npu pizHUX MeMNepamypax
600, 800, 1000 i 1150°C 6 irepmuux ymogax npomsicom 60 xeunun 011 KOIUCHOI 3 OMPUMAHHAM
npooykmie o008yent08anHs. Bniue memnepamypu Ha eracmusocmi 8yeinia Oyi0 O0emanbHO
00CNI0JCEHO 3 BUKOPUCAHHAM KILIbKOX Memooié BUSHAYEeHHS XAapakmepucmuk, 6KIHYaryu
MAcosutl 8uxio, eleMeHmHUll aaniz ma GUMIDIOGAHHS eNeKMPUYHUX 6ldcmusocmeti, mooi K
CMPYKMYPHI  NePemeOpeHHsi  KOHMPONI08AIU 3d  OONOMO20K0 DPEeHmM2eHIBCbKoi  Ougpaxyii,
inghpauepeonoi cnexkmpockonii 3 nepemeopennim Dyp’e (FTIR) ma cramysannsm memooom
enexkmponnoi mixkpockonii (SEM). Ilpu niosuwenni memnepamypu io 600 °C do 1150 °C suxio
gyeinna amenuuscs 3 30,50 % oo 26,55 %, emicm 36 ’a3anoco syeneyro 30inburyemoca 6io 82,3 0o
92,66 %, emicm 30nu 36invwusca 6io 1,35 oo 1,72 %, mooi sk 3menuryemvcs emicm jemKux
peuosun (6i0 12,61 0o 4,18 %) i emicm sonoeu (6i0 3,81 0o 1,44 %). Ocmamounuii ananiz noxkasas,
wo emicm enemenmuozo gyeieyio 30invuiueca 3 85,96 % oo 95,79 %. Enexmponposionicmo
ompumarnozo eyeinisn 3uauno noxkpawunacs (6io 1,99 x 10° oo 7,24 X 1072 Slcm), a maxooc
cmpykmypa, mopgonozia mavdice epagimuzosanozo gyeinnsi. Cmamucmuynutl ananiz oanux FTIR
ma XRD wuepez ananiz 20106Hux KomnomeHmieé nokasaé NOOiOHY MEHOEHYIl0 Wo00 6NIUSY
memnepamypu Ha npooykmu Kapoouizayii. Iloninweni enekmpudni 1acmueocmi, po3eumox nop y
Mopghonoecii 8yeinna, a makoc po3sUMOK O3HAK, ONU3LKUX 00 2pagimusayii, nepeddbauaroms
MOJiCIUBE BUKOPUCMAHHS NPOOYKMI8 KapOOHI3ayii K eleKmpoOHUxX mamepiaiis.

Knwuoei cnosa. kapoonizayis, kopensayis, nposioHicms, Mopghono2is, cmexiue.

Hccneoosano  enusnue memnepamypvl Kapbonusayuu Ha 000104Ky cemsan canarium
schweinfhurthii.  Yacmuywt cxopaynol  cemsan amunu  KapOOHUBUPOBAU NPU  PAZTUYHBIX
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memnepamypax 600, 800, 1000 u 1150°C & unepmusuix ycrogusx 6 meuenue 60 mun xasxcoas 014
NONYYEeHUs. NOJYKOKCOBbIX NPOOYKMO8. Bauanue memnepamypvl Ha C8OUCMBEA NOLYKOKCA OblIO
NOOPOOHO UCCNE008AHO C UCNONb308AHUEM HECKOIbKUX MEmOo008 Xapakmepusayuu, 6KI0Uds
Maccosblll 8bIX00, dJIEMEHMHbII AHAIU3 U USMEPEHUs DNeKMPUYECKUX CEOUCME, 8 MO 8peMs KAK
CMPYKMypHble Npespawjeruss KOHMPOIUPOBANUCL C NOMOWDBIO PEeHmM2eHO08CKOU  Ougpakyuu,
unppaxpacuoli cnekmpockonuu ¢ npeoopaszosanuem Dypve (FTIR) u ckanuposanus memooom
anexmponnoi mukpockonuu (SEM). Buixoo nonyxokca cuuocancs ¢ 30,50 % oo 26,55 % npu
nosviuteruu memnepamypst om 600°C do 1150°C. Ceszannwiil yenepoo (om 82,3 oo 92,66 %) u
cooepacanue 3016l (om 1,35 00 1,72 %) yeeruuusaromes ¢ nogvluieHuem memnepamypol, mozod
Kax cooepoicanue nemyyux eeujecms (om 12,61 0o 4,18 %) u cooepocanue éracu (om 3,81 oo 1,44
%) ymenvwaromesi. OKOHUAMENbHBIN AHANU3 NOKA3AT, YMO COOEPICAHUE INEMEHMHO20 Yenepood
yeenuyunocy ¢ 85,96 % oo 95,79 %. DnexkmponposoonHocmv nonyueHHo2o yens 3HAYUMENLHO
yayuwunacs (¢ 1,99%x10° 0o 7,24x102 S/cm), a makoce cmpykmypa, mopdonocus u nowmu
epagumuzuposannoeo yena. Cmamucmuyeckuu ananrusz oannvix FTIR u XRD ¢ nomowwro ananuza
OCHOBHLIX KOMNOHEHMO8 NOKA3AL CXOOHYIO MEHOCHYUIO GUSIHUSL MeMNepamypvl Had NpoOyKnivl
KapboHuzayuu. YayuuieHHvle 31eKmpuieckue c8olcCmsd, passumue nop 8 Mop@onocuu noiyKokcd,
a makoce passumue NPU3HAK08, OAUSKUX K epapumuzayuu, npeononazarom G03MONCHOEe
UCNOIB308aHUE NPOOYKMOG KAPOOHUZAYUU 8 KAUeCmEe JIeKMPOOHbIX MAMePUudios.

Knrouegwie cnoea:. kapbonusayus, Koppenayus, npo8oOUMOCMb, MOPHONI02US, CIIKUHS.

Introduction

Canarium schweinfurthii bursaraceae is a Nigerian perennial tree with a fruit called atili in
Hausa and Okpoko in Ibo [1]. The plant is a massive forest tree with a crown that reaches the
forest's high canopy and a 50-meter-long clean, straight, and cylindrical bole [2]. From Senegal
through west Cameroon and on to Ethiopia, Tanzania, and Angola, Atili may be found in tropical
Africa’s rain forest, gallery forest, and transitional forest [2-3]. The fruit is composed comprised of
a seed and a delicious pulp. The shell and germ combine to form the seed, which is a tough mass.
Oils can be present in the pulp as well as in the germ. The pulp is commonly eaten raw, cooked, or
used as a spice. The pulp oil has more saturated fatty acids, whereas the germ (kernel) oil has more
unsaturated fatty acids and is less sticky. The nutritional value of Atili pulp and germ has been
studied by a number of writers. Nyam et al. [4] determined the proximate, anti-nutrient, and
elemental content of a variety of atili fruits. The crude fat level of fruit pulp was 64.04 %, the
protein content was 6.39 %, the fiber content was 16.37 %, and the carbohydrate content was 3.85
%, according to their data. Anti-nutrient values of 240 mg/100 g, 162 mg/100 g, and 26 mg/100 g
were observed for tannins, phytic acid, and oxalate, respectively. Olawale reported on the physical,
chemical, and technical properties of the Atili fruit's pulp and kernel oils, as well as their
prospective industrial uses [3]. The pulp oil contains around 70% palmitic acid, has a specific
gravity of 0.937, a specific heat capacity of 3999.50 J/g°C, and calorific values of 42.32 MJ/kg,
according to the article. The kernel oil had a specific gravity of 0.910, a specific heat capacity of
3837.54 J/g°C, and calorific values of 36.488 MJ/kg, and it included roughly 26% palmitic acid and
more than 64% oleic/linoleic acids. The synthesis of activated carbon from Atili's nutshell for use in
adsorption tests has been the subject of several studies [5-11]. As a result, the goal of this study is to
investigate how temperature treatment affects the proximal, ultimate, structural, and electrical
properties of atili seed shell char (ASS).

Experimental

Atili fruits were purchased in Jos, Plateau State, Nigeria's. To isolate the germ from the
shells, the pulp was removed and the nut was cracked. After air drying for 48 hours, the shells were
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crushed and sieved with a 2mm sieve. These were then packed into a 410mm stainless-steel
combustion tube (34.5mm inner and 42.5mm outer diameter) and placed in a thermolyte tubular
furnace for 60 minutes at temperatures of 600°C, 800°C, 1000°C, and 1150°C in a nitrogen gas
atmosphere. The proximate analysis of the Atili seed shell and char products was performed using
standard American Society for Testing and Materials (ASTM) methodologies D 4442 — 07 and
D1762-84, respectively. At the Umar Musa Yar'adua University's central laboratory in Katsina,
Nigeria, the ultimate analysis was done using a Perkin Elmer 2400 Series Il CHN Elemental
Analyzer, and the morphological structure was evaluated using a Phenom ProX scanning electron
microscope. The Chemistry Advanced Research Center, Sheda Science and Technology Complex
(SHESTCO), Abuja, Nigeria, employed a Thermo Scientific Nicolet iS5 FT-IR Spectrometer to
investigate functional groups. The crystal structure was determined at the National Geological
Research Laboratory in Kaduna, Nigeria, using an empyrean (panalytical) diffractometer. At the
Physics Advanced Research Center, SHESTCO, Abuja, Nigeria, the electrical characteristics were
examined using a four-point probe linked to a Keithley source meter for voltage, current sourcing,
and lab-tracer 2.0 software.

Result and discussions

Proximate analysis and ultimate analysis: The ASS raw had a high volatile matter of 73.33
%, a fixed carbon of 19.03 %, an ash content of 1.11 %, and a moisture of 6.53 %, according to the
proximate analysis (Table 1). As the temperature rose from 600 to 1150 °C, the yield of ASS char
decreased from 29.69 % to 25.27 %. This is most likely owing to the atili seed shell losing more
volatile components as the temperature increased [8]. Moisture and volatile matter content in char
formed at different temperatures decreased with increasing temperature, but fixed carbon and ash
content rose. As can be shown, char with higher carbonization temperatures has a higher fixed
carbon content than char with lower carbonization temperatures. Meanwhile, with increasing
temperature treatment, the volatile matter content of the generated char was shown to decrease. This
might indicate that char produced at higher temperatures is more stable than char produced at lower
temperatures [12]. Similarly, the percentage carbon increased significantly in all of the char formed
at various temperatures, according to the elemental composition data. ASS 600, for example, had a
75 percent increase, whereas ASS 1150 saw a 200 percent increase.

Electrical resistance and conductivity

The electrical conductivity of ASS char increased from 1.99 x 10 S/cm at 600 °C to 7.24 x
102 S/cm at 1150 °C. Electrical conductivity in carbon materials has been discovered to be
influenced by compression force [13-15], crystallinity, activation, and the presence of pores. As a
consequence, higher carbonization temperatures resulted in more conductive phase in the
carbonized ASS, most likely due to more carbon atoms being integrated into the disordered
graphene sheets often associated with charcoal [17].

Table 1
Proximate and ultimate analysis carbon material and char products
Proximate Analysis Ultimate Analysis Conductivity
Yield MC VM FC Ash C H O N S S/cm

ASS Raw 6.53 73.33 19.03 111 49.03 5.01 44.75 1.19 0.02

ASS600 30.59 3.81 12.61 82.23 1.35 85.96 417 9.31 0.55 0.01 1.99x10°
ASS800 27.03 2.53 9.27 86.78 142 89.97 3.01 6.74 0.27 0.01 9.04x10°
ASS1000 2791 1.82 5.88 90.67 1.63 92.69 2.61 457 0.12 0.01 2.20x 107
ASS1150 26.55 1.44 418 92.66 1.72 95.79 1.04 3.05 0.11 0.01 7.24 %107

MC-moisture content, VM-volatile matter, FC-fixed carbon
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Functional Group Investigation by FTIR

The IR spectra of the ASS raw and char products at various carbonization temperatures are
shown in Figure 1. The O-H group, which is considered to be made up of water, alkanols, or
carboxylic acid, was attributed to the wide band peak at 3345 cm™ seen in the ASS raw sample. In
char samples, the peak faded, indicating that it was generated by water (moisture).
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Figure 1. FTIR spectra of ASS and its chars obtained at different temperatures.

C=0 was ascribed to the high signal at 1737 cm™, perhaps due to unconjugated uronic
anhydride, whereas C-O stretching in the C-O-H of the phenolic group was attributed to the
medium peak at 1218 cm™ [18]. A methyl C-H asymmetric stretch [19] was allocated to the weak
peaks at 2970 cm™, whereas an alkyne C=C stretch was assigned to the weak peaks at 2362 cm™
[20]. The medium stretch peaks at 1368 cm™ were attributed to symmetric N-O stretching of
aliphatic nitro-compounds, which is frequently observed between 1380-1350 cm™ [21], as well as
the O-H group, which can be seen between 1395 cm™ and 1360 cm™ as a sign of the presence of
various alcohols and phenols [22]. C=C-C of aromatic ring [23] is represented by the medium peak
stretch at 1597 cm™. The stretching mode of vibration of C-O of cellulose, hemicelluloses, and
lignin induced the peak at 1040.62 cm™ [24-25]. Unconjugated C=0 had the greatest absorption
band at 1736.94 cm™, medium stretch at 1365.43 cm™ for aliphatic nitro compounds, and medium
stretch at 1216.79 cm™ for C-O stretching in the ASS char samples. Additional very weak peaks
were found at 2969.92 cm™ for a methyl C-H asymmetric stretch and 2359.92 cm™ for an alkyne
C=C stretch. The intensity of these peaks diminished as the carbonization temperature rose.
Principal component analysis (PCA) was used on the spectra data to look for any changes in the
structure of the char samples as the temperature changed. PCA has been suggested as a useful
strategy for minimizing variables [24,26]. In PCA analysis, samples that seem near to one another
indicate similarity, while samples that appear far away indicate differences. This type of analysis
provides considerable difference between samples as an identification tool [27].
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Table 2
Correlation for the sample spectra data

ASS raw ASS600 ASS800 ASS1000 ASS1150
ASS raw 1 0.92702 0.91456 0.9211 0.8912
ASS600 0.92702 1 0.99183 0.99051 0.9649
ASS800 0.91456 0.99183 1 0.97239 0.9276
ASS1000 0.9211 0.99051 0.97239 1 0.98639
ASS1150 0.8912 0.9649 0.9276 0.98639 1

The five samples were strongly correlated, as shown in Table 2, with correlation coefficient
values greater than 0.5, indicating that PCA was an appropriate method for analyzing the data. The
Eigenvalues of the Correlation Matrix, as shown in Table 3, revealed that the first principle
component explained 95.93 % of the variance, while the second principal component contributed
only 2.50 % and the remaining components each contributed less than 2%. Furthermore, the PC

loading plot in Figure 2 revealed that the ASS raw differs significantly from the char products,
which are stacked perpendicularly.

Table 3
Eigenvalues of the Correlation Matrix
Eigenvalue Percentage of Variance Cumulative
1 4.79639 95.93 % 95.93 %
2 0.12504 2.50 % 98.43 %
3 0.07459 1.49 % 99.92 %
4 0.00354 0.07 % 99.99 %
5 4.36E-4 0.01 % 100.00 %

Despite the fact that in both the ASS raw and ASS char samples, only PC 1 accounted for
the bulk of variation. This suggests that adjusting the carbonization temperature can result in
significant differences in the structural features of the char generated [28].

oGy €04

Figure 2. PCA of FTIR data for the ASS raw and four char obtained at different temperatures.
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XRD Analysis

The XRD spectra of ASS raw and char at various carbonization temperatures are shown in
Figure 3. The diffractograms appeared to display similar peaks (002) between 20-25, 2 theta angle
and peak (100) between 42-47, 2 theta angle when the treatment temperature rose. The stacking of
char crystallite graphitic basal plans is often associated with these peaks [29]. According to XRD
theory, asymmetric XRD peaks can be recognized when a sample has a stacked crystal structure or
the sample composition is not uniform. A carbon material with a graphite structure displays
asymmetry of the (002) peak due to stacking defects [30].
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Figure 3. X-ray diffraction for ASS raw and char samples at various temperature.

Crystallite geometry in carbon materials parameters such as aromatic layer stacking height
(Lc), diameter (La) and inter-layer spacing (doo2) was estimated using the Bragg’s law and Scherrer
equation [31,32].

A
d=— "
25inf(002) 1
L 0.944
© " B(002)cosf(002) 2
L __ 184
® " P10o cos(8100) 3
ni = 2dyq, sin(6npz) | 4

where A is the wavelength of the X-ray radiation (1.540598), d (o02) is the width of the (002) peak at
half maximum of reflection, and 0 is the Bragg peak position.
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Table 4 shows that when the carbonization temperature rises, the value of d (002) decreases
from 4.0219 in raw ASS to 3.6320 in ASS 1150, whereas d (100) grows fractionally from 2.0680 in
ASS 600 to 2.0726 in ASS 1150, despite being nonexistent in raw ASS.

Table 4

Structure parameters of XRD for ASS raw and char samples at various temperature

Sample d002 (Ao) dloo(Ao) L. (Ao) LC/dooz AcC DOC
ASS Raw 4.0219 - 0.004839 0.001203 92.38 7.62
ASS 600 3.7473 2.0680 1.123164 0.299726 94.72 5.28
ASS 800 3.6147 2.0709 0.052066 0.014420 93.09 6.91
ASS 1000 3.6389 2.0783 0.053078 0.014753 91.46 8.54
ASS 1150 3.6320 2.0726 0.057103 0.015822 91.27 8.73

Ac — Amorphous content, DOC — Degree of crystallinity

The numerical variance of d (002) was found to be greater than that of d (100), which matches the
results of typical carbon materials [33-34]. The tiny peak at roughly 26-27 2theta also disappeared
when the carbonization temperature rose. In addition, when the temperature rises from 600 to 1150
°C, the char's crystallinity increases. However, because these equations are derived for highly
graphitized carbons and are not suitable for entirely disordered carbons, computed Lc and La values
are not precisely equal to the stacking height and lateral dimension of the crystallites. As a result,
they may be used to calculate the real stacking height and lateral dimension of crystallites [31]. As a
result, real crystallite sizes will almost certainly be greater than expected. PCA was used on the data
from the XRD diffractograms to find similarities and differences in the ASS char samples gathered.
With all values more than + 0.5, the sample data was shown to be substantially linked. Table 5
shows the details of the linear correlation strength between the ASS raw and char samples.

Table 5
Correlation of XRD Data
ASS raw ASS600 ASS800 ASS1000 ASS1150
ASS raw 1 0.85647 0.72637 0.73764 0.70086
ASS600 0.85647 1 0.81359 0.81916 0.78604
ASS800 0.72637 0.81359 1 0.97853 0.97579
ASS1000 0.73764 0.81916 0.97853 1 0.97586

ASS1150 0.70086 0.78604 0.97579 0.97586 1

As indicated by a correlation value of 0.975, the ASS 1150 char sample had the highest
linear relation with ASS 1000 and ASS 800. The first main component accounts for 87.13 % of the
variance, whereas the second component accounts for 9.37 %, according to the Eigenvalues of the
Correlation Matrix, as shown in Table 6. The remaining 3% of the overall variance is contributed by
each of the others. In contrast, the PC loading plot in Figure 4 revealed the ASS raw and ASS 600
as two groups with comparable variance and distinct from the ASS 800, ASS 1000, and ASS 1150
groups.
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Table 6

Eigenvalue of Correlation Matrix of Sample PCA

Eigenvalue Percentage of Variance Cumulative
1 4.35672 87.13% 87.13%
2 0.46864 9.37 % 96.51 %
3 0.13021 2.60 % 99.11 %
4 0.02321 0.46 % 99.58 %
5 0.02122 0.42 % 100.00 %

Figure 5. PCA loading plot of all samples.

SEM Analysis

SEM images of Atili seed shell powder and Atili seed shell char generated at temperatures
of 600, 800, 1000 and 1150 °C for external morphology are shown in Figure 6. The raw atili shell
displayed a fibrous structure with a few holes ranging in size from 2.42 to 10.41m at 2000x
magnification. As the carbonization temperature rises, the chars' surface shape changes
dramatically. Bubbles and holes formed as a result of the discharge of volatiles. In the range of 2.63
to 8.51 m, the ASS 600's surface features few holes.
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Figure 6. SEM image (a) ASS Raw (b) ASS 600 (c) ASS 800 (d) ASS 1000 (e) ASS 1150.

On the surface of ASS 800 char, additional heart-shaped opened fissures with diameters
ranging from 4.00 to 22.89 m were evident. Surprisingly, compared to ASS 800 char, the surface of
ASS 1000 exhibited less visible pores; this might be due to the SE microgram's viewpoint. More
pores with diameters ranging from 1.60 to 5.74 m were observed on the ASS 1150. This might
indicate that raising the temperature caused pores to form on the surface in general.

Conclusion

The char characteristics were shown to be significantly influenced by the carbonization
temperature. While the lone aromatic carbon structure was detected to disappear in the IR spectra as
the temperature rose, the electrical conductivity of char increased, additional pores grew on the char
surface, and other polar and pi bond groups were conserved.
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