Biomass Conversion and Biorefinery
https://doi.org/10.1007/513399-024-05830-9

ORIGINAL ARTICLE q

Check for
updates

Influence of washing parameters on biomass and biochar properties
of empty fruit bunches from oil palm plantation

M. D. Nurhafizah'® - 0. O. Akinnawo'® - N. Abdullah'® . A. B. Suriani?

Received: 17 December 2023 / Revised: 31 May 2024 / Accepted: 3 June 2024
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

This study examines the effects of washing pretreatments on the chemical characteristics of biomass and the resultant bio-
char derived from empty fruit bunches (EFBs) of palm oil plantations. We optimized parameters such as washing duration,
techniques, and water volume to improve biochar quality. Following the washing pretreatment, the EFBs were subjected to
slow pyrolysis at 500 °C for 2 h under a nitrogen atmosphere. In-depth analyses employing techniques like X-ray fluores-
cence (XRF), X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA-DTG), and inductively coupled plasma
mass spectrometry (ICP-MS) demonstrated profound changes in the EFB biomass and biochar structure and composition.
Specifically, the sample L-EFB4, soaked in water for 72 h, showed a 67.08% reduction in ash content and a significant
decrease in potassium content, enhancing the biochar’s potential applications. The fixed carbon content increased to 17.06
wt.% in the L-EFB3 sample, representing EFBs soaked for 30 min, indicating the effectiveness of targeted washing treatments
in optimising biochar properties. Additionally, ICP-MS analysis of the EFB leachate provided insights into the elemental
solubility, revealing high concentrations of potassium (72,871.9 ppb), demonstrating its solubility and the leaching process’
effectiveness. This analysis further corroborated the significant role of pretreatment in modifying the ash characteristics,
which is crucial for optimizing the combustion behavior of the resultant biochar.
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1 Introduction

Highlights.

e Enhanced biochar quality: targeted washing pretreatments
significantly improve the chemical properties of biochar from
palm oil EFBs.

Indonesia and Malaysia lead in global oil palm fruit pro-
duction, contributing 88.4% between 2019 and 2022. In
2022 alone, Malaysia’s output reached 92.5 million tonnes

e Reduction in non-carbon elements: achieved a 67.08% reduction
in ash and a 94.5% decrease in potassium levels, enhancing
biochar utility.

o Increased energy recovery potential: optimized processes raised
the high heating value of biochar from 20.98 to 25.39 MJ/kg.

e Comprehensive characterization: employed advanced techniques
like XRF, XRD, and ICP-MS to analyze structural and
compositional changes.

o Sustainable applications: demonstrated the biochar’s potential in
soil amendment, pollution control, and energy production.
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from an area spanning 5.14 million hectares [1]. This level
of production led to the generation of substantial agri-
cultural waste; in 2020, the sector produced 2.80 million
tonnes of empty fruit bunches (EFB), 0.89 million tonnes
of palm kernel shells (PKS), and 8.92 million tonnes of
palm oil mill effluent (POME) [2]. Additionally, Chia et al.
[3] detail that of the total oil palm biomass, only 10% is
utilized for oil production, leaving the remaining 90% as
waste, including oil palm trunks (OPT), oil palm fronds
(OPF), EFB, mesocarp fibres (MF), PKS, pressed palm
fibers (PPF), and POME. Furthermore, processing fresh
fruit bunch (FFB) results in 60% POME, 23% EFB, 12%
MF, and 5% PKS by weight. Palm oil, derived from MF,
fruit, and kernels, is the most produced and exported veg-
etable oil globally, surpassing rapeseed and soybean oils

@ Springer


http://orcid.org/0000-0003-3660-5274
http://orcid.org/0000-0002-1405-9412
http://orcid.org/0000-0002-2398-9996
http://orcid.org/0000-0002-6541-7291
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-024-05830-9&domain=pdf

Biomass Conversion and Biorefinery

[4]. These facts highlight the critical need for sustainable
management and valorization of palm oil waste to mitigate
environmental impacts and enhance economic value [5].

The oil palm industry is a crucial part of Southeast
Asia’s economy, but it faces environmental issues caused
by oil palm biomass waste, such as EFB, PKS, and POME.
This waste is often unutilized and contributes to sustain-
ability concerns, exacerbating environmental problems
such as deforestation and biodiversity loss [6]. Sustain-
able waste management must address these challenges
and reduce the adverse effects. Thanks to technological
advancements in biomass conversion, there is an opportu-
nity for sustainable bioenergy development and a circular
economy, emphasizing the need for efficient bioconversion
technologies. Oil palm biomass has a rich lignocellulosic
composition that offers renewable energy potential. It can
be converted into various forms through gasification and
pyrolysis, thus reducing greenhouse gas emissions [5-7].

Fresh fruit bunches (FFBs) harvesting and processing
in palm oil production are subject to inefficiencies that
leave a portion of the crop unutilized. Such inefficiencies
come from limiting harvesting techniques, transportation
challenges, and quality control measures. Farmers often
discard FFBs unfit for oil extraction, such as rotten, under-
ripe, or damaged FFBs, to maintain the high quality of the
palm oil. The result is the tremendous volume of FFBs
dumped on the plantation, leading to on-farm losses. The
logistic challenges in collecting and moving all FFB to
the mills further add to this waste, especially in areas with
poor road connectivity. Additionally, the cost of harvest-
ing and transportation is weighed against the potential oil
yield, leading to the abandonment of less profitable FFBs.
The oil extraction rate (OER) is crucial for efficiency, with
ripe bunches having higher oil content. Some FFBs are
also left intentionally in the fields, acting as organic ferti-
lizers for improved soil quality that aligns with sustainable
agricultural practices. These residual FFBs can, on the
other hand, be excellent energy resources for value-adding
products promoting sustainability and a circular economy
in the agricultural sector.

The generation of empty fruit bunches (EFB) during the
palm oil milling process leads to significant changes in their
chemical composition due to sterilization [8]. Sterilizing
FFBs is crucial as it facilitates easy stripping of fruitlets,
deactivates enzymes, removes impurities, and aids in sepa-
rating kernels from their shells, streamlining the processing
stages [9]. The milling process involves steam sterilization
of oil palm fruits, which produces palm oil mill effluent
(POME). The qualities of EFB from mills differ from those
sourced directly from plantations mainly due to the initial
processing steps, such as sterilization and mechanical press-
ing, which affect their moisture content and organic and
inorganic element concentration.
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The pyrolysis of EFB from mills produces biochar with
distinct properties influenced by the feedstock's organic
content and physical characteristics. During this thermal
decomposition process, cellulose, hemicellulose, and lignin
break down in an inert atmosphere, yielding biochar, bio-
oil, and biogas [10]. The high moisture and ash contents of
EFB can pose challenges for valorization; specifically, the
moisture content impacts pyrolysis by lowering the tempera-
ture and reducing overall thermal efficiency, which in turn
affects the yield and quality of biochar [11]. Furthermore,
the polymerization of organic vapours during pyrolysis can
enhance char yield [12], while silica from washing pretreat-
ments can modify the structure of the biochar [13]. These
dynamics underscore the critical influence of feedstock
characteristics and preprocessing on the outcomes of EFB
pyrolysis. Hence, pretreatment methods involving wash-
ing using distilled water can aid in the reduction of ash and
alter the characteristics of the EFB. Thus, it is imperative to
carefully consider pretreatment procedures to optimize the
quality of the produced biochar. However, obtaining EFB by
mechanically stripping palm fruitlets on a plantation without
sterilization can be troublesome.

The presence of inorganic elements significantly influ-
ences the yield and quality of products in biomass pyrolysis.
Varying between empty fruit bunches (EFB) from mills and
plantations, these elements can catalyze or inhibit pyrolysis
reactions, affecting product outcomes. A study by Abdulla
et al. [14] demonstrated that water-washing pretreatment of
EFB effectively reduces its ash content, mainly targeting
the removal potassium and sodium, which are significant
ash constituents in EFB. The study reported a reduction in
total ash by about 24.9-70.3%, achieving an average ash
content of 2.48 (mf wt. %) after washing treatment. Bhatna-
gar et al. [15] found that washing pretreatment of biomass,
like rice straw, enhances biochar quality and bio-oil yield
during pyrolysis, reducing fouling and slagging risks. Such
treated biochar is suitable for fuel and soil amendment, aid-
ing contaminant adsorption and pH adjustment. Optimizing
pretreatment is crucial for efficient biomass conversion in
pyrolysis processes [15, 16].

Washing pretreatment is a simple, efficient, and energy-
conserving method that can effectively remove certain impu-
rities from biomass, including soluble elements such as K,
Na, S, and Cl. This process can mitigate issues related to
sintering, fouling, slagging, and corrosion during the thermal
processing of the feedstock [17, 18]. Additionally, washing
has increased the ash melting temperature, enhancing bio-oil
quality and influencing the outputs of carbon monoxide and
hydrogen during combustion, pyrolysis, and gasification [13,
19, 20]. Washing with water is cost-effective and removes ash
and unwanted impurities, thus enhancing the efficiency of the
biorefinery process [21]. Previous studies have investigated
the impact of washing duration, temperature, and solid/liquid
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ratio on removing soluble elements such as K, N, Cl, and S
and the leaching kinetics of these elements [22, 23]. In EFB
and other biomasses, various washing processes reduce the
presence of elements (K by 40-90%, Cl by 25-100%, Na by
15-90%, S by 30-100%, and Ca by 0-25%), and ash content
by 5-75% [24-27]. Thus, pretreatment of EFB is crucial to
mitigate these issues and enhance biochar quality. The chemi-
cal composition of the ash, including potassium (K), chlorine
(C1), sulfur (S), nitrogen (N), sodium (Na), magnesium (Mg),
and calcium (Ca), also serves as catalysts in ash formation dur-
ing combustion and can lead to the release of hazardous gases,
such as nitrogen oxides and sulfur oxides, potentially causing
environmental problems [22, 23]. Although the utilization of
biomass ash for soil amendment can provide environmental
benefits by improving the chemical properties of soil [28], it is
essential to recognize that during thermochemical conversion
processes, the same ash can cause fouling and slagging, which
creates challenges in the production of value-added products
from biomass [13]. Moreover, a significant amount of these
AAEMs can influence the quality of the EFB biochar produced
if not adequately treated before carbonization [13].

Several methods are available for reducing the ash content
in biomass, including acid-washing treatment [29], alkaline
pretreatment [30], organosolv pretreatments [31], steam explo-
sion condensate [32], and torrefaction treatment [33]. Acid
treatment reduces alkali and alkaline earth metals, decreases
char production, increases the yield of valuable products, and
improves pyrolysis for higher-quality bio-oil [29]. Alkaline
treatment using NaOH increases biochar yield and carbon con-
tent, while steam explosion pretreatment enhances methane
yield from lignocellulosic materials [30]. The effect of tor-
refaction on biomass varies, leading to different ash-slagging
rates when co-combusted with coal for different biomass
types [33]. Nonetheless, for this study, the single-step washing
method is sufficient to establish a baseline understanding of
how water washing could impact the ash content and improve
the biochar quality of EFB.

Numerous studies have explored empty fruit bunches (EFB)
from mills and industries. However, research on EFB sourced
from plantations is not well-documented, leaving a knowledge
gap regarding their potential for biochar production through
slow pyrolysis. This study addresses this gap by examining
how leaching, a pretreatment process, affects the pyrolysis
yield and the quality of biomass and biochar from plantation-
sourced EFB, offering fresh insights into their characteristics
and potential uses.

2 Materials and method
2.1 Preparation of the source material

The studied EFB samples were obtained from the planta-
tions in Bukit Selambau, Kedah, Malaysia. Due to their sig-
nificant moisture content (approximately 6.46mf wt. %), the
EFBs were oven-dried at 105 C for 24 h using a Venticell
oven. Post-drying, these EFB samples were cut into 1-3 cm
pieces with high-quality pruning scissors. Following a wash-
ing procedure using distilled water (pH of 7.0 at ambient
temperature), the samples underwent further drying, after
which they were pulverized into smaller particles using an
electric grinder (DFY-1000C universal grinding mill). The
pulverized samples were then sieved through an analytical
sieve shaker (Retsch AS 200 basic) to obtain a particle size
range of 600-800 pm, preparing them for slow pyrolysis.
The ash, moisture, volatile matter, and fixed carbon con-
tents were performed in compliance with ASTM D1102-84,
ASTM 871-82, and ASTM D872-82 standards, respectively.
The biomass was ashed in a muffle furnace (Nabertherm LE
14/11/B150 LE140K1BN, Germany) at 575425 °C for 6 h,
using 1 g of biomass material.

2.2 Preparation of the sample

The EFB sample, weighing 50 g, underwent a series of
washing experiments using various quantities of distilled
water, durations, and techniques. Specifically, the EFB
were washed in 5, 15, and 21 L of distilled water for 5 min,
10 min, 30 min, and 72 h by soaking and stirring. These
washing parameters were determined by initial experi-
ments and relevant literature [34, 35], which suggest that
such variables could significantly influence the removal
of inorganic constituents and other contaminants from the
biomass. The samples, under different washing parameters,
were denoted as follows: UW represents unwashed EFB,
L-EFBI represents EFB leached by stirring for 5 min, while
L-EFB2, L-EFB3, and L-EFB4 correspond to EFB leached
by soaking for 10 min, 30 min, and 72 h, respectively, all at
room temperature as shown in Table 1. After slow pyrolysis,

Table 1 Parameters for pretreatment of EFB by washing

Samples  Amount of dis-  Washing time =~ Washing techniques
tilled water (L)

uw - - -

L-EFBI 5 5 min stirring

L-EFB2 15 10 min soaking

L-EFB3 15 30 min soaking

L-EFB4 21 72h soaking
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the resultant char samples are designated C-UW, C-EFB1,
C-EFB2, C-EFB3, and C-EFB4.

We selected the washing parameters to evaluate their
impact on ash reduction and the quality of the resulting bio-
char after pyrolysis. We carried out the washing procedures
using a simple laboratory setup, where specified EFB quan-
tities were submerged in distilled water within a beaker for
set times or stirred to facilitate effective interaction between
the water and the biomass (see Fig. s1 of the supplementary
material) [24]. Using a glass rod to stir the biomass dur-
ing the leaching process improved the efficiency of soluble
ash and other substances. Post-washing, the biomass-water
mix was filtered using filter paper to separate the solid bio-
mass from the wash solution. Subsequently, the washed and
unwashed samples were oven-dried at 105 °C for 24 h and
stored in airtight containers. The variations in ash content
for each sample were computed and compared against the
UW baseline.

2.3 Production of biochar

Slow pyrolysis was performed in a laboratory-scale reactor
consisting of a muffle furnace, a pyrolizer, three condens-
ers and flasks, a nitrogen flow system, and a fume hood,
as shown in Fig. 1 (also refer to Fig. s2 in the supplemen-
tary material). Each EFB sample was packed tightly into
a pyrolizer and placed in a muffle furnace for pyrolysis.
To obtain a high yield of bio-oil and biochar, the pyrolysis

temperature, residence time, heating rate, and nitrogen
flow rate were set at 500 ‘C, 2 h, 5 ‘C/min, and 0.5 L/min,
respectively. The water flowing in the condensation tubes
facilitated the condensation of vapors into bio-oil, which was
collected in the flasks. Non-condensable gasses were safely
vented into the fume hood. The yield of bio-oil and biochar
was calculated using Eq. (1):

MassofBiochar(g)
MassofEFBsamples(g)

Biocharyield(wt.%) = < > X 100%

ey
The heating value indicates the chemical energy con-
tained in biochar on a per-unit mass basis. The high heat-
ing value (HHV) was determined using an adiabatic bomb
calorimeter (IKA C200) after the slow pyrolysis process.
Approximately 1 g of biochar was placed in the calorimeter’s
crucible for the experiment when exposed to an atmosphere
of 30 bar oxygen. We obtained the HHV after completing
the combustion process.

2.4 Characterization

The elemental composition, including weight percent-
ages of major and trace elements, was analyzed using XRF
(Omnian-Axiog Max) for the biomass samples. The EFB
leachate sample was analyzed using Thermo Fisher Scien-
tific [ICP-MS/MS model iCAP-TQ. The standard solution
used was multi-element calibration standard 2A (10 ug/mL

Fig. 1 The set-up of bench scale T
slow pyrolysis reactor

== Flowof non-combustible gases ==

Fume Hood

= Flowof N, gas WP

Nitrogen Tank

s FlOW Of VADOT'S s
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each in 5% HNO;) from Agilent Technologies. X-ray diffrac-
tion (XRD) using a powder X-ray diffractometer (XRD-6000
diffractometer) with a scan range of 26 from 10 to 80° at a
scan rate of 4°/min at room temperature was used to study
the crystal patterns of the washed and unwashed EFB bio-
char samples. Field emission scanning electron microscopy
(FESEM) (model NanoSEM450) with an accelerating volt-
age and working distance of 5 kV and 5 mm, respectively,
was used to study the surface morphology of the biochar
samples. Fourier transform infrared (FTIR) spectroscopy
was used to compare the functional groups in the washed
and unwashed EFB samples using a Perkin Elmer FTIR sys-
tem with a 2-mg sample in a 100 mg KBr disk. Each sample
was scanned in the wavelength range of 400—4000 cm™~! with
a scan rate of 4 cm™'. Thermal decomposition of 20 mg
of the samples was performed by thermogravimetric analy-
sis (TGA) at a heating rate of 10 ‘C/min under a nitrogen
atmosphere.

This study explicitly employs thermogravimetric analysis
(TGA) to assess biochar’s thermal characteristics. TGA and
DTG analysis shed light on the thermal degradation patterns
of biochar’s lignocellulosic components, which are crucial
for optimizing pyrolysis processes. Several studies have
demonstrated the broader application of the techniques in
understanding and improving biochar production [15, 24,
29].

3 Results and discussion
Table 2 contrasts the impact of washing pretreatments on

EFB biomass properties from plantations with literature-
reported values for mill-derived EFB. The data highlights

the variability arising from different pretreatment methods
between plantation-sourced EFB, the focus of our study, and
mill-processed EFB. The study uses untreated (UW) samples
as a baseline to assess the impact of various pretreatments on
the ash content, ash removal percentage, volatile matter, and
fixed carbon in EFB. The study results indicate that planta-
tion EFB had significantly reduced ash content, particularly
in L-EFB4. Soaking the EFB samples in 21 L of distilled
water for 72 h resulted in a 67.08% decrease in ash content
compared to UW.

Moreover, the soaking process reduced water-soluble and
volatile components, resulting in a relative increase in the
biomass’ fixed carbon content, with L-EFB3 showing a peak
of 17.06 wt.%. In contrast, the mill-derived EFB demon-
strated less significant ash reduction, with WEFB (stirred
EFB for 1 h in 1L distilled water) exhibiting a 41.21%
reduction. Furthermore, the UW sample from the mill had a
higher volatile matter content than the UW sample from the
plantation, indicating intrinsic differences that may be due
to initial content and treatment variations. Washing treat-
ments are denoted as W (2 min), W (5 min), and W (10 min),
indicating washed EFB for 2, 5, and 10 min, respectively.
The data illustrates how increasing washing durations
progressively reduce ash content and influence other bio-
mass properties. The study found that the stirring methods
(L-EFB1 and WEFB) were less effective in reducing ash
content than those using soaking (L-EFB2, L-EFB3, and
L-EFB4). This observation suggests prolonged soaking in
water, which allows more extensive solvent interaction with
the biomass, is more conducive to ash removal. Addition-
ally, researchers have found that the proportion of individual
elements in EFB varies depending on their origin and physi-
cal state. Carbon (C) accounts for 40—44%, while hydrogen

Table 2 Effects of washing pretreatments on ash reduction and properties of EFB biomass

Source Samples Moisture content  Ash content Ash removal (%) Volatile matter Fixed carbon Reference
(mf wt. %) (mf wt.%) (mf wt.%) (mf wt.%)
Literature val- UW 1.41 3.98 - 81.62 14.43 [24]
ues (Mill) WEFB 131 2.34 4121 82.31 14.94 [24]
uw 1.33 5.29 - 77.46 17.25 [35]
uw 4.68 5.19 - 76.85 18.07 [14]
Uuw 3.61 5.2 - 76.9 14.29 [22]
W(2 min) 3.12 3.57 31.35 77.95 15.36 [22]
W(5 min) 3.24 3.28 36.92 78.26 15.22 [22]
W(10 min) 3.15 3.26 37.31 78.6 14.99 [22]
Plantation Uw 6.46 6.92 - 71.83 14.78 This work
L-EFB1 3.16 44 36.38 76.21 16.22
L-EFB2 2.57 5.59 19.29 76.49 15.35
L-EFB3 3.81 3.6 48.01 75.53 17.06
L-EFB4 3.95 2.28 67.08 71.3 16.47

*UW unwashed EFB, W (2 min) washed for 2 min, W (5 min) washed for 5 min, W (10 min) washed for 10 min
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(H) and oxygen (O) make up 5.4-6.4% and 47.75-49.23%,
respectively. Nitrogen and sulfur, comprising only 0.3-1.2%
and 0.7-1.2% of the EFB composition, respectively, can be
problematic in thermochemical conversion processes [36,
37] despite being vital nutrients for plants. The washing
pretreatment effectively removes a significant percentage of
AAEMs from EFB [25]. We expressed the data presented
in Table 2 relative to the initial weight of the sample. The
increase in volatile matter is relative and not absolute. This
relative increase occurs as other components, notably ash,
are removed, altering the mass balance and consequently
increasing the proportion of volatile matter in the residual
material.

Table 3 indicates that the biochar yield from plantation-
derived EFB decreases with pretreatment intensity, rang-
ing from 35.48 wt.% in untreated samples to 28.60 wt.% in
extensively treated samples (C-EFB3), while concurrently
increasing HHV from 20.98 to 25.39 MJ/kg, suggesting a
trade-off between yield and energy content. Studies on mill-
derived EFB illustrate that pyrolysis conditions, including
extended time and microwave-metal assistance, elevate bio-
char HHV [38]. Safana et al. [39] reported increased HHV
from 16.90 for EFB lignocellulosic biomass to 23.93 MJ/
kg for the resulting biochar after pyrolysis, attributed to
enriched carbon content and reduced volatiles. Akinnawo
et al. [13] demonstrated that washing pretreatments could
elevate HHV from 23.14 to 28.24 MJ/kg, underscoring bio-
char’s potential as a sustainable energy source and a coal
substitute [39], contributing to improved waste manage-
ment and renewable energy objectives. This finding suggests
that ash content reduction is pivotal in improving biochar’s
energy potential.

Table 3 indicates that enhanced ash removal from EFB
biomass correlates with increased heating value (HHV) of
the resultant biochar. Specifically, L-EFB4, which had the
highest percentage of ash removal at 67.08%, correlates
with the biochar sample C-EFB4, having the highest HHV
at 25.39 MJ/kg. This result reinforces the idea that less
ash content, which may consist of incombustible materi-
als, leads to a higher concentration of combustible carbon,
thereby enhancing the biochar’s energy value. However,

Table 3 Variations in biochar yield and HHV after pyrolysis

Samples Biochar yield (wt.%) High heating
value (HHV) MJ/
kg)

C-UwW 35.48 20.98

C-EFB1 32.69 22.55

C-EFB2 31.61 24.14

C-EFB3 28.60 21.61

C-EFB4 30.35 25.39
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the biochar yield does not consistently correlate with ash
removal since the yields fluctuate across the different treat-
ments. C-EFB2 has the lowest yield at 28.60 wt.% despite
not showing the highest ash removal or HHV, suggest-
ing that factors beyond ash content may influence yield
outcomes.

Table 4 presents the concentrations (wt.%) of various
compounds in untreated EFB (UW), leached EFB (L-EFB4)
and ash residues (ASH UW) and (ASH L-EFB4) to illus-
trate changes in elemental content. The washing treatment
removes troubling elements (TEs) such as K, Cl, and P in
the leached L-EFB4 sample. The leaching process reduces
potassium by approximately 72%. High potassium concen-
trations can cause fouling and slagging during biomass com-
bustion [27]. The washing process also results in a substan-
tial increase in Si concentration from 15.69 to 53.02 wt.%,
likely due to the removal of more soluble substances, which
concentrate the less soluble silicon component. The EFB
ash (ASH L-EFB4) contains more silicon than the ash (ASH
UW). Silica extracted from EFB ash represents a rich poten-
tial biogenic silica source comparable to commercial silica.
It is potentially viable for supporting catalysts, developing
zeolite-based catalysts, and acting as adsorbents [40]. Also
noteworthy is the significant drop in Ca following leach-
ing (to 12.58 wt.% in L-EFB4), which raises the possibil-
ity of external contaminations, as calcium usually does not
leach extensively in water. It is worth considering how the
environment can impact the biomass, specifically regard-
ing exposure to dust, grit, and other technogenic impurities
in the plantation. As a result of this exposure, calcium can
become present in the biomass not inherently but externally
as loosely bound calcium compounds. According to Sin-
ghal et al. [22], the breakdown of biomass structure due to
mechanical impacts, coupled with better water percolation
and a higher volume of water, could significantly improve
the removal efficiencies of TEs such as K, Ca, Mg, and P.
The constant tumbling and mixing enhance the contact
between water and biomass, leading to more effective leach-
ing of elements tightly bound to the organic matrix than
soaking pretreatment without agitation. Notably, Ca pro-
foundly influences the chemical behaviour of ash, enhanc-
ing its utility in cementitious materials and soil amendments.
Vincekovi€ et al. [41] discuss an innovative application of
this concept, where calcium alginate microspheres encapsu-
late biomass fly ash, facilitating controlled nutrient release
in soil amendments. This approach highlights the potential
of calcium-enhanced ash in enhancing environmental and
agricultural sustainability. Lignocellulosic biomass is a het-
erogeneous material influenced by various factors such as
geographical location, plant species, growth conditions, age,
and climate [42]. Novianti et al. [43] reported a similar XRF
result for hydrothermal and water-leaching treatment on EFB
biomass. Other constituents in minor proportions, such as
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Table 4 Elemental analysis

Compound UW (wt. %) L-EFB4 (wt. %) ASH UW (wt. %) ASH
of raw, washed and ashed L-EFB4
plantation EFB by XRF (wt. %)

Na,O 0.34 1.30 1.12 0.70

MgO 7.29 8.39 5.68 14.43

AlLO4 0.29 0.20 1.22 0.68

Sio, 15.69 53.02 22.77 39.34

P,0; 3.37 2.14 2.76 2.02

SO, 5.99 8.51 3.55 5.30

Cl 8.53 2.06 8.69 0.45

K,0 33.62 9.34 43.88 19.95

CaO 18.32 12.58 3.12 5.30

Cr,04 0.16 0.25 0.04 0.04

MnO 0.67 0.52 0.07 0.07

Fe,0; 1.02 1.15 0.62 0.67

NiO 0.05 - 0.02

CuO 0.06 - 0.05 0.03

ZnO 0.13 0.18 0.03 0.04

As,0; 0.11 0.32 0.06 0.05

Br 0.03 0.03

Rb,0 4.33 - 6.33 10.93

Table 5 Elements concentrations in the liquid leachate of L-EFB4 by
ICP-MS

Element Mass number Concentration (ppb)
Na 23 453.5
Mg 24 1014.8
Al 27 65.1
K 39 72,871.9
Ca 44 76.4
Mn 55 18.6
Fe 57 140.1
Ni 60 2.5
Cu 63 19.0
Zn 66 194.6
As 75 0.1
Rb 85 308.5

Mn, Ni, Cr, Cu, Zn, As and Br, are pivotal in environmental
management strategies for ash residue.

Table 5 displays the liquid leachate analysis of the
washed EFB (L-EFB4), revealing high K concentrations
(72,871.9 ppb), demonstrating its high solubility and the
effectiveness of the leaching process. Other elements, such
as magnesium (1014.8 ppb), calcium (76.4 ppb), and zinc
(194.6 ppb), showed moderate concentrations, indicat-
ing their partial solubility. Aluminium (65.1 ppb) and iron
(140.1 ppb), typically found in more stable mineral forms,
exhibited lower solubility. Trace elements such as nickel

Effect of washing on EFB from plantation and mill

100
90
80
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60
50
40
30
20
10

Removal %

SS(5min)

$S(10min) L-EFB4

ECl mK

Fig.2 Removal efficiency of chlorine and potassium during washing
pretreatment on EFB from plantation and mill

(2.5 ppb), copper (19.0 ppb), and arsenic (0.1 ppb) were
present in low concentrations, suggesting minimal leach-
ing into the liquid phase, highlighting the study’s practi-
cal implications of biomass processing and its potential
environmental impacts [44]. Future detailed research using
advanced imaging and analytical techniques could enhance
our understanding of the solubility and stability of elements
in pretreated EFB biomass from plantations.

Figure 2 presents the removal % of Cl and K from EFB
subjected to various washing pretreatments. Samples include
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SS (5 min) and SS (10 min), representing a single washing
for 5 and 10 min, respectively, sourced from mill opera-
tions [44], while the plantation-derived sample after washing
is L-EFB4 (refer to Table sl in the supplementary mate-
rial). The plot showed that washing reduces the concentra-
tions of TEs such as Cl and K, with more K removed in the
L-EFB4 sample. Our analysis indicates that short-duration
washing treatments are remarkably effective for Cl removal,
achieving approximately 80 to 90% elimination within the
first 10 min. Conversely, K presents lower solubility, with
removal efficiencies considerably lesser than that of Cl under
similar conditions; about 15 to 25% of K is removed in the
initial 10 min, which extends to approximately 72% after
a prolonged washing period of 72 h. The L-EFB4 sample,
which involved a 72-h washing from plantation sources,
exhibited lower Cl removal rates than shorter processes,
marking the least efficient removal. These observations high-
light the differential behavior of these elements in response
to various washing treatments and emphasize how washing
duration and the feedstock’s intrinsic properties critically
impact troubling elements’ leaching efficiency. These ele-
ments contribute to operational challenges, such as slagging,
fouling, and corrosion when using biomass as a fuel source
[26, 45, 46].

Figure 3 shows the percentage removal of Cl and K
from EFB ash subject to various pretreatment processes. It
compares the effectiveness of short and prolonged wash-
ing durations on EFB from mills such as W (10 min) and
W (180 min) [22], a washed pellet (WP) [46], combined
washing and steam explosion treatment (WSE) [17], and
an extended washing period from plantation-sourced EFB
(L-EFB4) (refer to Table s2 in the supplementary material).
The ash analysis of various pretreatment methods on EFB
from mills and plantations reveals significant differences in
Cl and K removal efficiencies. Treatment L-EFB4, which
involves prolonged washing for 72 h, demonstrates the

Fig. 3 Removal Efficiencies of

chlorine and potassium in EFB 100.0

most effective chlorine removal, achieving near-complete
elimination at approximately 95%, highlighting the efficacy
of extended washing durations in dealing with plantation-
derived EFB, particularly for chlorine. In contrast, WP
shows lower chlorine removal, suggesting that the densi-
fication involved in pellet formation can impede the effec-
tiveness of the pretreatment process, potentially trapping
chlorine within the denser material structure.

On the other hand, K removal is generally less effi-
cient across all treatments compared to chlorine, with the
combined washing and steam explosion treatment (WSE)
exhibiting the highest removal rates. This indicates that the
integration of multiple pretreatment steps, such as washing
followed by steam explosion, can significantly enhance the
leaching effectiveness of K [17]. However, short and long
washing durations show limited potassium removal, high-
lighting the challenges of potassium’s reduced solubility and
the need for optimised treatment conditions. These results
emphasize the crucial need to develop tailored pretreatment
approaches that effectively maximise removing specific
problematic elements from EFB ash.

3.1 XRD analysis

X-ray diffraction (XRD) analysis of the plantation-derived
EFB biochar was performed to determine the change in crys-
tallinity due to the washing treatment. All samples showed a
similar dominant amorphous structure with certain crystal-
line peaks, which can be attributed to the higher cellulose
content in EFB [47, 48]. Cellulose is the most abundant
semi-crystalline lignocellulosic component in plants and
has a linear polymer structure with hydroxyl groups form-
ing H-bonds within or between chains, which explains its
semicrystalline structure [49].

Figure 4 shows that the intensity of the graphitic peak
at 28.2° and the peak at 40.4° decreased after washing the

Elemental ash composition

ash for various pretreatment

Ash Removal %
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Fig.4 XRD patterns of biochar
from pyrolysis of EFB samples:
a C-UW, b C-EFBI, ¢ C-EFB2,
d C-EFB3, and e C-EFB4
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EFB. The pretreatment by washing with water affects the
amorphous cellulose on the surface of the microfibrils, while
the microfibril bundles are exposed because the water mol-
ecules can react only with the amorphous part of the cellu-
lose, which leads to a decrease in the intensity of the peak at
28.2°. However, the intensity of the broad amorphous peak
at 21.9° increases owing to the increase in the amorphous
lignin formed because of washing the EFB.

3.2 FESEM analysis

Figure 5 shows the SEM images of the unwashed and
washed EFB biochar samples, which illustrate the modifica-
tions in surface morphology resulting from the pretreatment
processes of stirring and soaking. The unwashed biochar
sample (C-UW) surface texture appears rough, while the
stirred biochar sample (C-EFB1) displays a smoother surface
with developed pores. However, the extensively soaked bio-
char sample (C-EFB4) shows signs of surface collapse and
a degraded lignocellulose structure [50]. Stirring promotes
uniform water penetration and can more effectively dislodge
and remove soluble ash components. Conversely, prolonged
soaking without agitation can lead to the collapse of these
structures, potentially due to the gradual leaching away of
structural components, which compromises the integrity
of the lignocellulosic matrix. This differential impact on
the biomass's physical structure is pivotal. It influences the
porosity and functional utility of the resultant biochar, espe-
cially in applications such as energy storage where surface
properties are critical.

Ash content plays a crucial role in the development of
biochar during pyrolysis, notably through catalytic reactions

|
MW.’MWEJ L‘”‘““J ‘W

20

30
20(°)

40 50

promoted by inorganic impurities such as alkali and alkaline
earth metals found in wood ash. These reactions can induce
structural changes, thereby influencing the final porosity and
reactivity of the biochar. High ash content can also fill the
pores and reduce the available surface area in biochar, as
ash constituents significantly affect the textural properties
and surface chemistry during pyrolysis [51-54]. Conversely,
a deashing strategy through washing can enhance biochar
porosity by facilitating the escape of more volatiles during
pyrolysis, thus creating a more porous structure.

Table 6 shows the energy-dispersive X-ray (EDX) anal-
ysis of the mineral content of the EFB biochar samples.
In general, there was an increase in carbon, a significant
component of biochar, with a maximum increase of 35.2%,
and a decrease in the percentage content of potassium, an
alkali metal that is a significant component in ash formation.
Extensive soaking of the EFB feedstock in distilled water
resulted in 94.5% removal of potassium from the char.

3.3 FTIR analysis

Figure 6 shows the FTIR spectral analysis of EFB biochar
samples derived from unwashed and variously leached EFB
biomass samples. It illustrates the alteration of chemical
properties due to the leaching process. The unwashed sample
(C-UW) displays a broad band at 3400 cm™!, corresponding
to O—H stretching vibrations, indicative of hydroxyl groups
or moisture content. Additionally, the peak at 1564 cm™" is
assigned to C=C stretching vibrations of aromatic struc-
tures or lignin [55], while the peak at 1371 cm™' suggests
C-H bending in methyl and methylene groups. The C-O
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Fig.5 SEM images of C-UW,
C-EFB1, and C-EFB4 samples

stretching vibrations around 1024 cm™ signify the presence
of alcohols, ethers, or esters.

Upon comparing the unwashed biochar with the leached
samples (C-EFB1 to C-EFB4), we observe a systematic
reduction in the intensity of the O—H band as leaching time
and volume increase, implying the removal of hydrophilic
components. The intensity of the O—H group in the char
diminishes by the leaching process due to loss of mois-
ture content [56] and dehydration of the hemicellulose and
cellulose structures [57]. Concurrently, the C=C peak at
1564 cm™! shows an initial increase in definition in C-EFB2
but diminishes slightly after that, denoting depletion of aro-
matic compounds with prolonged leaching and stirring, sug-
gesting that there could be minor changes in lignin structure,
mainly by stirring or after soaking for 72 h. The variations in
the peak at 1371 cm™ across the samples reflect the changes
in the C-H bending of methyl and methylene groups due to

Table 6 EDX result of elemental composition (wt. %) of EFB biochar
samples

Samples C(%) O(%) K (%) Cincre- K removal (%)
mental (%)

C-UW 59.38  13.03 17.13 - -

C-EFB1 7831 16.52 233 319 86.4

C-EFB4 80.31  13.82 095 352 94.5

@ Springer

the leaching process. Finally, the consistent decline in the
intensity of the C-O stretch through C-EFB2 to C-EFB4,
with C-EFBI1 having the lowest, indicates the leaching out
of compounds with C-O bonds related to cellulose and hemi-
celluloses. The noticeable reduction in intensity of C-EFB1
and CEFB4 implies some degree of removal or alteration of
these polysaccharides due to stirring or extended soaking.
The FTIR results collectively suggest a notable impact of
distilled water leaching on the chemical structure of EFB
biochar, with extended leaching and agitation leading to a
reduction of volatile and soluble components and enrich-
ing the biochar with more stable carbon structures. These
modifications will likely influence the biochar’s reactivity,
porosity, and applicability in environmental technologies.

3.4 TGA analysis

Figure 7a, b shows the dynamic thermogravimetric anal-
ysis (TGA) and derivative thermogravimetric analysis
(DTG) curves at a heating rate of 10 °C/min for washed
and unwashed EFB biochar samples from the plantations.
The TGA curves assess the thermal stability and composi-
tion of the EFB biochar samples by measuring the weight
change as a function of temperature, while the DTG curves
(Fig. 5b) identify the degradation phases. Different com-
ponents of the lignocellulosic biochar over distinct tem-
perature ranges in the thermal degradation are released,
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Fig.6 FTIR spectra of samples
C-UW, C-EFB1, C-EFB2,
C-EFB3, and C-EFB4
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Fig.7 a TGA curves and b DTG curves of unwashed and washed EFB biochar samples

comprising cellulose, hemicellulose, and lignin. In Region
I, from 30.6 to around 200 °C, the mass loss observed
is predominantly due to the evaporation of moisture and
the loss of light volatile compounds. Typically, C-EFB1,
CEFB3, and CEFB4 showed less dehydration due to short-
time stirring, prolonged soaking, and increased water vol-
ume, demonstrating their potential for moisture retention
in soil [58]. Region II (200 to around 498.7 °C) showed the
degradation of hemicellulose, which starts at a lower tem-
perature than cellulose. Hemicellulose generally starts to
degrade at around 200 and continues up to 300 °C, while

cellulose degradation typically starts around 300 °C and
can continue up to 400 °C or beyond [59]. The transition
to Region III, which occurs between 498.7 and 672.1 °C,
signifies the end of cellulose degradation. Lignin, with its
complex aromatic structures, begins to degrade at much
lower temperatures, starting as low as 160 °C, but its sig-
nificant breakdown occurs predominantly between 250 and
500 °C, and can persist beyond 900 °C. Lastly, in Region
IV, from 672.1 to 895.4 °C, the ongoing degradation of
lignin contributes to char formation. This high-temperature
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regime primarily reflects the thermal resistance of lignin
and the resultant fixed carbon and ash content.

The results in Table 7 illustrate how water pretreatment
affects the thermal degradation of EFB-derived biochar.
C-UW, from untreated EFB, shows consistent mass loss,
peaking in Region 4. C-EFB], stirred during production, has
a lower initial mass loss, indicating an impact on moisture
and volatiles. C-EFB2, with brief water soaking, exhibits
similar mass loss to C-UW, suggesting an effect on cellulose
and hemicellulose. C-EFB3, after longer soaking, shows a
significant mass loss in a middle region, pointing to poten-
tial lignin changes. C-EFB4, from extended soaking, reveals
unique mass loss, especially at higher temperatures, high-
lighting how prolonged water exposure alters thermal deg-
radation and impacts lignocellulosic components.

In this study, we cohesively analyzed the impact of wash-
ing pretreatment on EFB biochar from palm oil plantations,
employing analytical techniques to unravel the intricate
changes in biochar properties. XRF analysis revealed a stark
reduction in potassium content by 72%, from 33.62 to 9.34
wt.% in L-EFB4, highlighting the pretreatment's efficacy in
mitigating potential combustion-related issues. Furthermore,
the washing increased silica content, suggesting a structural
shift that could influence biochar applications. The biochar
yield decreased from 35.48 wt.% in untreated samples to
30.35 wt.% in L-EFB4. At the same time, the HHV signifi-
cantly rose from 20.98 to 25.39 MJ/kg, indicating a trade-off
between yield and energy content. SEM and EDX analyses
underpinned the morphological and compositional enhance-
ments after washing, vital for biochar’s application diversity.
FTIR and TGA analyses further corroborated these findings,
showing changes in functional groups and thermal stability,
which are crucial for biochar’s environmental applications.
The integration of these results underscores the profound
influence of washing pretreatment on improving biochar’s
quality from plantation-sourced EFB, presenting a sig-
nificant stride toward sustainable biomass utilization and
contributing to a circular economy. Future studies should
optimize these pretreatment parameters to refine biochar
quality further, exploring its potential in various environ-
mental and energy applications. The environmental impact
of the scaled-up washing process requires careful evaluation.

Table 7 Percentage weight loss of washed and unwashed EFB bio-
char samples

Sample Region I Region II Region III Region IV
C-UW 9.06 15.22 19.64 31.13
C-EFB1 2.26 19.29 27.22 24.30
C-EFB2 9.24 17.53 23.03 30.50
C-EFB3 2.17 19.43 31.30 16.83
C-EFB4 6.21 11.49 25.67 31.24
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The wastewater from the washing processes of EFB primar-
ily contains organic substances with trace amounts of heavy
metals and higher concentrations of elements like potassium,
sodium, and phosphorus. These components necessitate
tailored treatment strategies to prevent adverse impacts on
natural ecosystems [44].

4 Conclusion

This study presents a comprehensive analysis of the effects
of washing pretreatment on the chemical properties of bio-
char derived from empty fruit bunches (EFB) from palm
oil plantations. Our findings reveal that washing alters the
EFB biochar’s chemical properties, enhancing its quality
and making it suitable for various applications. Specifi-
cally, extended soaking of EFB in water for 72 h (L-EFB4)
reduced ash content by 67.08% and decreased potassium
levels, enriching the biomass with volatile compounds and
increasing the fixed carbon content to 17.06 wt.% in the
L-EFB3 sample. This adjustment in mineral composition,
especially the notable reduction in potassium content by
94.5% in the L-EFB4, highlights the effectiveness of the
washing process in removing non-carbon elements and
enhancing the carbon content, which rose to 80.31% in the
C-EFB4 sample.

The high heating value (HHV) of biochar in the C-EFB4
sample improved from 20.98 to 25.39 MJ/kg, indicating an
increased potential for energy recovery. These changes con-
tribute to the biochar's enhanced energy content and suit-
ability for applications such as soil amendment and pollutant
adsorption. The systematic variation of washing durations,
techniques, and water volumes, along with the leachate anal-
ysis, has provided more profound insights into the solubil-
ity and mobility of inorganic elements. The high solubility
of potassium (72,871.9 ppb) confirmed the efficacy of the
leaching process. It suggests a substantial reduction of ele-
ments that could hinder the biochar's performance due to
slagging and fouling during thermal processes.

These findings directly affect the biochar production
industry, providing a pathway for enhancing the quality
and utility of biochar and promoting a sustainable approach
to agricultural waste management. Future research should
focus on refining these pretreatment processes to maximize
biochar yield and quality, exploring the integration of wash-
ing with other pretreatment methods to enhance biochar’s
properties for specific applications. This study lays the
groundwork for such endeavours, offering a comprehensive
analysis that could guide the development of more efficient
and environmentally friendly biochar production techniques.
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