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The ultrastructure and physicochemical and thermal properties of Palm Kernel
Shells (PKS) in comparison with Coconut Kernel Shells (CKS) were investigated
herein. Powder samples were prepared and characterized using Surface Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM). Chemical
and elemental constituents, as well as thermal performance were assessed by
Van Soest Method, TEM/EDXA and SEM/EDS techniques. Differential Scan-
ning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) were also per-
formed for thermal characterization. SEM/EDS and TEM/EDXA revealed that
most of the PKS and CKS materials are composed of particles with irregular
morphology; these are mainly amorphous phases of carbon/oxygen with small
amounts of K, Ca and Mg. The DSC data permitted to derive the materials’
thermal transition phases and the relevant characteristic temperatures and
physical properties. Thermal Transition phases of PKS observed herein are con-
sistent with the chemical composition obtained and are similar to those of CKS.
Nonetheless, TGA/DTG showed that the combustion characteristics of PKS are
higher than those of CKS. Taken together, our results reveal that PKS have na-
nopores and can be efficiently used for 3D printing and membrane filtration ap-
plications. Moreover, the chemical constituents found in PKS samples are in
agreement with those reported in the literature for material structural applica-
tions and thus, present potential use of PKS in these applications.
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Properties, Physico-Chemical Properties

1. Introduction

Ensuring economic sustainability in developing countries has led to harnessing
biomass materials having potential value added applications [1] [2] [3]. In this
context, Palm Kernel Shells (PKS) that are agricultural solid end products of oil
palm manufacturing processes show promising features for novel applications.
The Palm Oil Plant (Elaeis Guineesis jacq.) exists in three different cultivars
namely Dura, Pisiphera and Tenera [4] [5]. The wild occurring cultivar, Dura,
produces a fruit with a thick kernel shell, whereas the Pisiphera cultivar is devoid
of shell and the Tenera hybrid cultivar is obtained by crossbreeding Dura and
Pisiphera. The Tenera species, with its thin kernel shell and abundant pulp, is
the most industrially exploited and therefore the main waste material targeted
herein. The literature reports around half a ton of PKS for every ton of palm oil
produced from fresh fruit bunches [6]. In this context, the use of this agro in-
dustrial waste as potential source of raw materials for engineering applications
has gained greater interest today as never before. This has been justified by the
unique properties of these materials, originating from their ligno-cellulosic na-
ture as well as their hierarchical organization [7] [8] [9] [10].

There has been a long-standing interest to using PKS in various engineering
applications. Herawan ef al [11] carried out the characterization of Activated
Carbon produced from PKS (AC-PKS); nitrogen adsorption at 77 K was em-
ployed to verify the effect of the pore structure on the adsorption properties.
They observed a significant improvement in the surface characteristics of the ac-
tivated carbons. Using potassium carbonate (K,CO,) as activating agent, Adin-
nata et al [12] reported the influence of carbonization temperatures on the pore
development and yield in the AC-PKS. They found that by increasing the carbo-
nization temperature and impregnation ratio, the yield decreases, while the ad-
sorption of CO, increases, progressively. Guo et al [13] [14] showed that the
adsorptive capacities of the PKS adsorbents can be improved by surface func-
tional groups that reacts with nitrogen dioxide (NO,) and ammonia (NHj,) gases.
They also proposed methods of chemical activation of PKS using Phosphoric
acid (H,PO,) and Potassium Hydroxide (KOH).

Considering the increasing interest of microwave pyrolysis [15] [16], Ani and
Salema [17] investigated the heating characteristics of PKS char prior to using it
as microwave absorber during the pyrolysis of oil palm biomass [17]. They
found that PKS char has a significant influence on the product yield and can re-
duce the energy consumption, time and cost of the thermo-chemical process.
The liquid obtained from the PKS pyrolysis was reported to contain a high con-
centration of phenol and its derivatives [18]. These are viewed as high value

chemicals with diverse applications. Phenol can indeed be used to manufacture
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molding products for automotive parts, household appliances and electrical
components; phenol can also be used in bonding and adhesive resins for lami-
nating, plywood, protective coating, insulation materials and abrasive coating, as
well as in foundry industries for sand molds and cores [19]. Therefore, extract-
ing phenol during PKS pyrolysis could present high advantages, since petro-
leum-based phenol is rather expensive.

Sabzoi et al. [20] performed a parameters’ optimization study during the cata-
lytic hydrolysis of PKS for bio-oil production. The optimization parameters were
reaction temperature, reaction time and sodium hydroxide (NaOH) concentra-
tion. The NaOH concentration was observed as the most influencing parameter
in liquid yield because of cracking of reaction or reduction of reaction taking
place during the hydrolysis process with NaOH.

Due to its higher content of silica (SiO,) and higher powder fineness, PKS Ash
(PKSA) was recently used as binder and coarse aggregate in geopolymer con-
crete and concrete formulation [1] [3] [21] [22] [23] [24]. The mechanical prop-
erties of the obtained PKS-based concrete and PKSA-based geopolymer struc-
tural lightweight concrete were investigated and reported. These properties in-
cluded the slump density, compressive strength, splitting tensile strength, flexur-
al strength, and modulus of elasticity under various operating curing conditions.
Ofuyatan et al [25] carried out a study on the durability (tested by acid resis-
tance, sulphate attack) of Self Compacting Concrete with partial placement of
Portland cement by PKSA. This research on the durability of self-compacting
concrete, had focused on the freeze/thaw resistance and the chloride penetration.
The authors reported that the concrete properties are enhanced with the increase
of ash content. Fono-Tamo et al. [26] found that PKS and sand dust could be
advantageously mixed to fabricate standard particleboards. Magniont and Esca-
deillas [27] presented a review on the chemical composition of bio-aggregates
resources used as building materials; they focused on various plant aggregates
other than plant fruit kernel shells. While it is particularly important to note that
the unique properties of these materials originate from their structural compo-
site nature [28], Singh et al [29] reported the use TGA derivedpyrolytic unit
thermograms to predict the percentage of chemicals in biomassviewed as mix-
tures. Pang et al [7] established the relationship between biomass thermal beha-
vior and its lignocellulosic composition. Likewise, thermal behaviors and prop-
erties of these chemicals have been studied by several other researchers [30] [31]
[32]. Recently, Ninduangdee ef a/. [33] used TGA to investigate the degradation
behavior and the combustion characteristics of PKS. They evaluated their activa-
tion energy as well as their ignition, burnout and other phase transitions tem-
peratures. Some physico-chemical characteristics of PKS were also reported in
reference [33] with no indication on their source. Moreover, the pyrolysis
TGA-characteristics of PKS were reported by Ma et al [34] with two significant
mass-loss ascribed solely to hemicelluloses and lignin.

However, despite the high growing interest on the PKS, its physicochemical
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and thermal characterization as an engineering raw material has received limited
attention over the past decades, while the production for this agroindustrial
waste has increased worldwide. Multiple other PKS value added and engineering
applications could therefore be further explored, such as energy production, ce-
ramics [35] [36], composites [37] [38] [39] [40], sintering, membrane filtration,
phase change wall materials or 3D printable biomaterials [41] [42] from vegetal
powders. Hence, this research work addresses the determination of microstruc-
ture, thermal and physico-chemical properties of PKS and CKS, for industrial
applications. CKS, which is a tropical fruit kernel shell of the coconut tree, has-
been investigated in previous studies [38] [43], and introduced here fora com-

parison purpose.

2. Experimental
2.1. PKS and CKS Materials

PKS Tenera waste was obtained from Mbambou Palm Oil Mills of Socapalm
Land Development Authority, Dizangué Sub-Division in the littoral region of
Cameroon, while PKS Dura waste was collected from the Institute of Agricultur-
al Research for Development (IRAD) of Mbongo. The shells were washed using
a sodium hydroxide solution, rinsed by demineralised water and dried in an
oven at 70°C during 48 h, prior to analyses. Whereas, CKS waste was collected
from local coconut commercial garbage zones at Missole and underwent the
same preparation. The shells were grounded and sieved. Powders obtained are

from different sizes varying from 0.04 mm to 0.5 mm, in addition weighted.

2.2. Density of PKS

The well-established pycnometers measuring technique was used. The density of
PKS is given by:
m —n,

m3_m1)(m4_m2)d W

s

(des )E = (

where d, is the density of solvent, m, represents the mass of the empty pycno-
meter, 12, the mass of the pycnometer filled with PKS powder, m, the mass of
the pycnometer filled with the immersion fluid, and m, the mass of the pycno-
meter filled with the immersion fluid and PKS powder.

The value obtained was compared to that of the simple Rule of Mixture
(ROM) density produced as:

(dPKS )ROM i W wl W (2)
Yo Whe | Ve
{dL dHC dc j

where, w;, w.and wy stand for mass fractions of Lignin, Cellulose and Hemi-
celluloses, respectively and are to be obtained herein by wet chemistry analysis; d,,

d;and dy are used for densities of Lignin, Cellulose and Hemicelluloses respec-
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tively, and values of these chemicals were obtained from the literature [28] [44].

2.3. SEM/EDS Analysis

For SEM observations, the PKS/CKS powders were spread onto an aluminum
stub covered with a conductive carbon tape, such that the powder was evenly
distributed on the surface of the carbon tape. The samples were coated with a
mixture of gold and palladium by a sputter coater (Polaron SC 7640). All powd-
ers were brown. PKS sample was the roughest, and CKS was the finest by naked
eyes.

A JEOL JSM-6900 Low Vacuum SEM was used to observe the surface mor-
phologies of the products. It is a high-performance scanning electron micro-
scope for fast characterization and imaging of fine structures on both small and
large samples. Energy Dispersive Spectroscopy (EDS) for qualitative analysis of
the sample elements was performed by using the Integrated Microanalyzer for
images and X-rays (IMIX) system.

2.4. TEM/EDXA Analysis

Likewise, for TEM/EDS, the as-received PKS/CKS powders were crushed with an
agate mortar and pestle under distilled water to reduce the particle size. TEM
specimens were made with the ground powder as follows: powder was sonicated
for 5 minutes in distilled water then dropped onto a lacey carbon coated grid.
For the ultrastructure characterization, a JEOL TEM, with a JSX-1000S Fluo-
rescence Spectrometer X-ray analyzer was used. It is also an elemental analysis
tool, capable of identifying the elements in areas less than 0.5 pm in diameter

from carbon to uranium.

2.5. Chemical Constituents

The PKS (Tenera and Dura) powders were used in this study. Cellulose, hemi-
celluloses and lignin contents were firstly investigated, as lignocellulosic raw re-
sources main structural chemical components. The well-known and widely ac-
cepted Van Soest Method (NDF and ADF analyses) [45] [46] [47], was used to
determine cellulose (w,), hemicelluloses (wy), lignin (w;) and mineral matter
(wyuy) contents in PKS. A Perkin Elmer CHNO/S Analyzer 2400 enabling the
implementation of the TAPPI analysis was used [12]. PKS powders were treated
with a Neutral Detergent Solution (NDS solution) for the NDF fraction (C, Z,
HCand MM,) and an Acid Detergent Solution (ADS solution) for the ADF frac-
tion (C, L, MM,). The powders were filtered using a sintered glass pan and their
remaining residues dried at 60°C during 48 hrs. Van Soest NDF method meas-
ures most of the structural components in plant cells (Ze. lignin, hemicelluloses
and cellulose), but not pectin. The ADF residue consists of cellulose, lignin, cu-
tin, and acid-insoluble ash (mainly silica).

2.6. DSC and TGA Analysis

Samples for DSC analysis were prepared by adding the desired amount of the
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as-received PKS (7enera and Dura) and CKS powders (ca. 8 mg) to a tared DSC
pan. After recording the mass, the pan and lid were crimped and the sample
sealed within the space. Hermetically sealing (crimping) the pan is done to reduce
the temperature gradient within the pan. For TG analysis, the alumina (ALO,)
sample cups are tarred in the instrument and the desired sample is added to the
sample cup. Since the sensitivity of the TGA instrument is on the microgram
scale, sample sizes need only be ca. 1 mg or less. The furnace is closed and the
software logs the sample mass as time/temperature increase. Thermal characteris-
tics were evaluated using DSC measurements via a TA instruments Q200 V24.11
Build 124 model DSC. Measurements were performed in the temperature regime
of ambient to 500°C under a nitrogen atmosphere (flow rate of 50 mL-min"") us-
ing the forced air cooling accessory as the cooling unit. The cell is calibrated with
an Indium standard reference material (melting point 156.6°C and an enthalpy of
28.71 J-g™") prior to samples being run. A second temperature reference is also
used at 327.5°C. In addition, TGA measurements were conducted on a TA in-
struments SDT-Q600 V20.9 Build 20 model TG. Measurements were per-
formed in the temperature regime of ambient to 600°C under argon (flow rate
of 50 mL-min""). The TG SDT-Q600 is controlled by proprietary thermal soft-
ware, and has auto-sampler accessories for unattended operation. The mass of the
specimens was monitored as a function of temperature or time. The TGA and
DTGA served to determine the residue, moisture and volatiles [34] contents as
well as the mass loss of each material major chemical, from where chemical con-

tents were deduced. The following characteristics could then be investigated.

2.6.1. Melt and Glass Transition Temperatures

The endotherm of melting corresponds to the portion of the DSC curve that is
far from the baseline, and, later, returns to it. The melting temperature, 7,,,,, is
defined by the extrapolated beginning of the curve, being defined by the point of
intersection of the tangent with the point of maximum slope, on the principal
side of the peak with the base line extrapolated. The melting temperature value
T,, from the endothermic and the corresponding heat flow latent (calorific val-
ue) H, are readily obtained on the DSC thermogram. From the DSC thermo-
gram glass transition temperature, 7, can be derived. For, the glass transition is
a second order transition. 7, is manifested by a sudden increase in the base line,
indicating an increase in the heat capacity of the polymer probably after water

and volatiles total evaporation and decomposition.

2.6.2. Specific Heat Capacity
The thermal step-height of the heat capacity AC, of the samples is to be eva-
luated at glass transition temperature. The heat capacity C, is defined by:

AC, BNCC AN

=222 3
dT ~ dt dT G)

where, represents the temperature scan rate. The difference in the heat capacity

of the sample and the reference is defined as in Equations (4) and (5):
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ACp = Cpsample - Cpreference (4)
dH dt
psample = ?ﬁ_*_ preference (5)

where, A i—lj is the shift in the baseline of the thermogram. Equation (5) is

readily derived from Equation (3). Hence, at glass transition, C, is given by:

dH dt c

C ==
preference
dt dT (6)

psample

=A

2.6.3. Thermal Conductivity
The thermal conductivity, kand thermal diffusivity coefficient a, are given by

=a (7)

where, dis the density of the tested material. The value of k obtained by means
of direct ROM from the known 4-values (k. = 0.40, &, = 0.35 — 0.279, ky. =
0.38 W-m™"K™) [31] [44] [48] of Lignin, Cellulose and Hemicelluloses. a-values
of PKS/CKS are calculated using Equation (7).

3. Results and Discussion

3.1. SEM and TEM Morphology and Physical Properties

3.1.1. SEM and EDS

Figure 1 and Figure 2 show the SEM micrographs of PKS and (Figure 3) that of
CKS. The particles are irregular in shape and size as illustrated in Figure 1(a),
Figure 2(c), Figure 3(a) and Figure 3(b). Figures 1(d)-(f), Figure 2(a) and
Figure 2(b), Figure 2(b) and Figure 3(g) are of higher magnification and show
the plant cell/tissue structures of microporous [49] particles. The PKS material
could therefore be efficiently used for membrane filtration applications. The
images taken by SEM are two dimensional and it is impossible to measure the
particles volume accurately under our current conditions. However, the length
of particles was measured as illustrated in Figure 2(c). Statistical data showed
that PKS particles had a mean length of 551.8 pm (n = 109, sd = 186.1 um) and
CKS: X = 251.8 um (n = 94, sd = 95.3). Figure 2(d) presents an X-ray spectrum
of elemental-analysis by EDS. The elements are mainly carbon and oxygen. A
display of the cross-point whereby the EDS spot analysis was performed is
shown on the figure. The spectrum of EDS shows that the sample contained
carbon and oxygen (as main elements) as well as some silicon.

Morphologically, CKS appears similar to PKS. CKS particles have very clear
plant cell/tissue structures. Figure 3(a) and Figure 3(b) show an overview of the
CKS particles indicating the irregularity in shape and size. Figure 3(c) and Fig-
ure 3(d) are showing the cell and tissue structures of the particles. Figures
3(e)-(h) are showing the ultrastructure of the particles, which are typical

plant-like cell and tissue structures.
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Figure 1. SEM micrographs of PKS (a) particle shapes of the powder (b), (c) & (d)
cake-like poorly compacted particle structure (e) & (f) distinct material constituents.
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2e

Figure 2. SEM micrographs of PKS (a) & (b) Microporous microstructure (c) Particle
sizes (d) EDS aperture (e) EDS spectrum of particle in Figure 3(d).

DOI: 10.4236/msa.2018.910057 798 Materials Sciences and Applications


https://doi.org/10.4236/msa.2018.910057

R. Ntenga et al.

3j

by ‘ i i 0. 150 20.0;
3l

15.0 20.0

|

3n ‘

15.0 20.0

Figure 3. SEM micrographs of CKS (a) & (b) Particle shapes of the powder (c), (d) & (f)
Aggregate agglomerated microstructure (e), (g) & (h) Microporous microstructure (i), (k)
& (m) EDS apertures (j), (1) & (n) EDS spectra of particles in Figure 3(i), Figure 3(k) &
Figure 3(m).

EDS data of CKS plant cell/tissue show a composition similar to those of PKS,
containing C, O and silicon (Figures 3(i)-(1)). Occasionally, some rock-like par-
ticles were observed and EDS analysis showed that they mainly contain silicon.
Al, K, Ca, Fe, Mg, C and O were also detected in the rock-like particles (Figure
3(m) and Figure 3(n)).

3.1.2. TEM Ultrastructure and EDX Analysis

Representative micrographs are shown in Figure 4. Figure 4(a) (BF 4900x)
shows a typical morphology of a particle (particle 1 here) with irregular, some-
what layered shape but with inhomogeneity. Typical X-ray microanalysis
(Figure 4(b)) of such particles gives mainly carbon and oxygen, but small
amounts of Ca and K are also present. In some cases (as here where a large probe
was used to sample most of the particles), Si, Al and Fe are also detected; the

proportion of these elements is inconsistent, so their presence is likely associated

DOI: 10.4236/msa.2018.910057

799 Materials Sciences and Applications


https://doi.org/10.4236/msa.2018.910057

R. Ntenga et al.

with separate sources (e.g. silicon oxide, iron oxide and aluminum oxide). Here,
Cu originates from the support grid. Figure 4(c), an electron diffraction pattern
with selected area aperture on most of particle 1, shows weak rings typical of
amorphous carbon plus weak diffraction spots displayed in rings which are re-
lated to a crystalline phase/phases; this may be associated with Al/Fe/Si oxides.
Figure 4(d) (BF 12x) shows dark, crystalline particles in carbon matrix.

Figure 5 presents TEM micrographs of PKS. In Figure 5(a) (011 BF 7400x
particle 3), a typical majority phase of particle 3 is shown. A Selected Area Elec-
tron Diffraction Pattern (SAEDP) is typical to amorphous carbon. EDS spec-
trum is similar to that shown previously (Figure 4(b), mainly made up of car-
bon and oxygen with some Ca and K peaks. Figure 5(b) (BF 10,500x) of particle
2 represents a typical secondary phase found with a plant-like cell wall mor-
phology. A SAEDP from left hand corner of particle 2 (Figure 5(c)) shows that
the material is crystalline. This pattern can be indexed as [001] zone axis of Be-
ta-quartz (hex, a= 0.491 nm and ¢ = 0.540 nm). Figure 5(d) is an EDS spectrum
from particle 2 and is consistent with the identification as quartz (silicon oxide).
In Figure 5(e), it is observed that most of particle 5 is the majority phase mainly
composed of amorphous carbon and oxygen. The top right area (dark contrast,
arrowed) is a secondary phase. Figure 5(f) shows an EDS spectrum from the
dark region of particle 5. A SAEDP from dark region of particle 5 is similar to
that of particle 2, but exhibiting some disorder. Figure 5(g) from particle 6 is an
amorphous majority phase, EDS mainly gives carbon and oxygen with some Ca
and K.

To sum up, most of the PKS material is composed of microporous particles
with very irregular morphology. These particles are mainly amorphous phases of
carbon/oxygen with small amounts of Ca and K. Secondary phases, mainly sili-
con oxides, could be contaminants, some of which may be sand. Also detected
are various other materials in small amounts such as graphite.

The majority phase and an X-ray spectrum of a CKS particle are shown in
Figure 6(a) and Figure 6(b) respectively. Many similar large particles were
found. The particle shown is noncrystalline, however the particles are crystalline,
composed of single crystals. X-ray microanalysis gives silicon and oxygen.
Another crystalline oxide particle was found and contained a large amount of
silicon as well as calcium and aluminum. Electron diffraction patterns are con-
sistent with quartz (crystalline) and sometimes polycrystalline. As noted with
SEM micrographs, TEM shows that the CKS material is morphologically iden-
tical to the PKS. However, for CKS, there is a large amount of secondary phases
or contaminants, including large particles of quartz (silicon oxide) as well as ag-
glomerations of small crystalline particles, which are composed of Fe, Al, Si and
O. Again, X-ray microanalysis performed on TEM sample nano-locations are
almost consistent with that performed on SEM sample micro-locations. The de-
tection of Ca, P, Mg and O as well as the presence of micropores, justify the em-
pirical use of PKS in sanitation and purification. Micropores also foster its ap-

plicability in membrane filtration.
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Figure 4. TEM micrographs of PKS particle 1 (a) particle majority phase (b) particle EDX

spectrum (c) EDX spot (d) dark, crystalline particles in carbon matrix.
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Figure 5. TEM micrographs of PKS (a) 7400x particle 3, typical majority phase (b) Typi-
cal representative of a secondary phase of particle 2 (c) SAEDP with aperture on the mid-
dle of particle 2 (d) EDS spectrum from particle 2 (e) Particle 5 majority phase (f) EDS
spectrum from the dark region of particle 5 (g) Amorphous majority phase.
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Figure 6. TEM micrographs of CKS (a) 5600x, a noncrystalline nanoparticle (b) X-ray
spectrum of the particle in Figure 7.
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Figure 7. CKS & PKS Combined DSC thermograms.

3.1.3. Densities

The measured density was found to be (dp); = 1.502 g-cm™ (sd = 0.107) for PKS
Dura consistent withthatreported in references [14] [50] and (dpg) ;= 1.381 g-cm™
(sd = 0.0004) for PKS Tenera. As can also be noted from the difference in shell
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thicknesses of Dura and Tenera, this result suggests that genetic crossbreeding
influences the density of the PKS material. Using the ROM law yields (dpxg) goprr =
1.422/1.420 g-cm™, a result consistent with the experiment on apparent density
[14]. More accurate true density measurements of powders, granules, porous
materials, can be performed by the use of a test gas (e.g. helium), in gas pycno-
meters [51] [52].

3.2. Chemical Constituents Evaluation

Table 1 presents results of wet chemistry of PKS, for two analyses. Lignin con-
tent of PKS appeared to be greater than that of Cellulose and Hemicelluloses.
However, the hemicelluloses content obtained here is lower than that presented
in the literature [16] [33]. The PKS also contain mineral material in the form of
ash that corresponds to the residue obtained after incineration of each dry sam-
ple, with MM-NDF fraction being smaller than the MM-ADF. As will be seen
below, the MM fraction is consistent with TGA results. Ash is an inorganic part,
inert, “useless” and amorphous carbon present in the PKS, a mixture of calcium
salts and metal oxides [13] [14]. The mineral matter represents the remaining
material after the incineration of 1g of each sample of dried PKS at 550°C during
6 hours [47]. The chemical composition of the PKS is complex and varies to
some extent depending on the source and its age. Hence, it could be difficult to
define structural formulas of these mixtures of biopolymers. The derived higher
content of Lignin (a group of polyphenolic polymers, a polyphenolic macromo-
lecule, with high molecular weights) justifies the higher concentration of phenols
in the PKS pyrolysis liquid [33] and encourages lignin extraction from PKS and
its use as 3D printing material [42]. The cellulose of PKS is likely amorphous,
since TEM/EDXA shows that most of the PKS material is mainly an amorphous

carbon/oxygen phase.

3.3. Thermal Characteristics

3.3.1.DSC

Figure 7 shows the DSC combined thermograms of CKS and PKS Tenera (ob-
tained from different particle sizes < 0.04; 0.05; 0.2; 0.5 pm). The measured 7,
and corresponding AH,, values for powder specimens with different maximum
particle sizes are summarized in Table 2 for PKS and CKS. The exothermic
convex peak at around 100°C of the thermogram corresponds to the loss of vola-
tiles and/or water. The three endothermic peaks at 230°C - 260°C, 300°C -
350°C, and 410°C - 430°C likely correspond to Hemicelluloses, Cellulose and
lignin melts respectively. Cellulose is a linear macromolecule; it is therefore ex-
pected to reveal melting behavior when heated. On the other hand, the macro-
molecular chains of cellulose consist of ether bonds of “O”, which is a relatively
weak chemical bond. That means, the ether bonds can be broken with thermal
energies smaller than energies needed to melt them. The outcome is degradation
and decomposition of cellulose before total melting of PKS/CKS takes place. The

temperatures of melt 7, . 7,,.and T, (Table 2) of hemicelluloses, cellulose
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and lignin respectively are consistent with that obtain in previous studies [53]
[54]. The enthalpy associated with each of these transitions is readily obtained
from the DSC thermogram. The derived thermal conductivity and diffusivity

coefficients were found to be 4y = 306 mW-m K™ and a,,,= 2.06 cm*s™.

3.3.2. TGA/DTGA

Figure 8 presents combined TGA and DSC (DSC-TGA) and (Figure 9) the
combined TGA-DTGA pyrolysis thermograms, whereas Figure 10 shows the
TGA-DTGA oxidation thermograms of CKS and PKS. The descending TGA
thermogram curve indicates that a weight loss occurred, for samples degrading
with temperature. The TGA weight loss curve shows three distinct weight losses
representing each component. The derivative curve also has 3 peaks. This con-
firms that there are three distinct thermal events taking place in this experiment.
Ma et al. [34] reportedonlytwo thermal events. As alsoreported by Suriapparao
and Vinu [55] particlesizes and heating rates influence the activation energy, the
yield of phenolics and linearhydrocarbonsduringbiomasspyrolysis. The propor-
tion of each component must be consistent, if the product is to provide useful
and safe functionalities. The small weight loss of volatiles [34], 6.53% (for CKS)
and 9.37% (for PKS), begins in the range 50°C - 75°C mark and evolves up to
135°C depending on the powder fineness. Then, the PKS and CKS materials
seem to remain thermally stable up to a temperature of about 200°C. The PKS
decomposes in two steps, first rapidly, with the degradation of hemicelluloses
and cellulose, and then slowly as the last remaining lignin material decomposes.
However, this order of thermal events could specific to each biomass. Table 2
gives an outlook of the derived thermal transition values and properties, whereas
Table 3 contains the deduced chemical constituent of PKS and CKS with more
precision obtained from Air TGA results given in Figure 10. It is found that the
enthalpy of PKS/CKS microparticles reached 66.25/62.09 J-g~'. Therefore, these

materials could be used as a wall material of phase change materials [56].
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Figure 10. TGA-DTGA oxidation thermograms (a) PKS, (b) CKS.
Table 1. Wet Chemistry of PKS; N & A stands for NDF and ADF analysis.
Analysis N* Chemical compounds (%)
Wi Wc Wrce Wit Wasnta
PKS1 44.20 35.20 18.79/13.82 1.81/6.79
PKS2 43.76 34.04 20.77/15.41 1.43/6.78

Table 2. DSC and TGA thermal characteristics of PKS and CKS.

Step-Height at Tg/Thermal Con-

Sample Temperatures (°C)/Enthalpies (J/g) ductivity
T, Toud AHppe TondApyme  TnidAH,, AC,(J.g7'- C/k(mW-m-~'K™)
PKS 241.66 264.88/48.85 343.77/28.33 423.58/27.33 0.106/306
CKS 246.39 274.28/62.09  357.3/23.47 423.23/37.74 0.086/-
PKS [33] - 295/- 330/- 515/- -
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Table 3. TGA-DTGA deduced chemical contents of PKS and CKS.

Material Chemical compounds (#%)
wg We+ Wye Ash volatiles
PKS 39.67 53.80 2.021 4.509 - 9.63
CKS 26.30 52.85 11.091 6.53 - 8.70
CKS [43] 29.35 62.76 0.68 7.073

4. Conclusion

Palm Kernel Shells (PKS) have been assessed as a potential source of raw mate-
rials for various engineering applications in this paper. First, the ultrastructure
of PKS has been revealed using SEM/EDS and TEM/EDXA techniques. Micro-
graphs observations show that the PKS microstructure is not homogeneous as
commonly expected. Morphologically, PKS appears similar to CKS. Indeed, PKS
particles have very clear plant cell/tissue structures, with micro/nanopores that
make this material a suitable candidate for membrane filtration, for instance.
From the spectrum of EDS, the sample contains carbon and oxygen identified as
main elements, and silicon in a small proportion. Some rock-like particles were
occasionally observed and EDS analysis showed they mainly contain silicon.
However, Al, K, Ca, Fe, Mg, C and O were also detected in the rock-like par-
ticles. Again, X-ray microanalysis performed on TEM sample nano-locations is
consistent with that performed on SEM sample micro-locations. The detection
of Ca, P, Mg and O, justifies the empirical use of PKS in sanitation and purifica-
tion. Moreover, wet chemistry by means of Van Soest (NDF and ADF) has
enabled the quantification of the amount of hemicelluloses, cellulose and lignin
as major chemicals, with higher lignin content. Additionally, the relevant ther-
mal characteristics were studied using DSC and TGA. No thermal reversibility
was observed above 300°C. Thermal Transition phases as observed from DSC
and TG/DTG thermograms confirm the composite nature of PKS/CKS with 3
major thermal events that are related to melts of main PKS and CKS chemicals,
precisely hemicelluloses, cellulose and lignin respectively. Thermal characteris-
tics and phase transition temperatures of PKS/CKS that were assessed in this
study are consistent with their chemical composition. Nevertheless the necessity
arises here to clarify events priority during biomass thermal degradation. The
enthalpy of PKS/CKS microparticles reached 66.25/62.09 J-g™'. Therefore, these
materials could be used as a wall material of phase change materials. Further in-
vestigations could also focus on the reinforcement of polymer ceramics with
PKS/CKS, as a novel use for 3D printing biomaterials and membrane filtration

materials.
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