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 Establishing a comprehensive database of char properties from pilot-scale 

gasification is crucial for identifying optimal applications for carbonaceous 

residues and advancing the sustainability of this technology. This study 

explores the intricate characteristics of macadamia husk char generated 

through pilot-scale gasification, highlighting its potential utility. The resulting 

char exhibits a porous structure primarily composed of micropores, with a 

heterogeneous distribution of inorganic minerals, notably K (12 mg g-1) and Ca 

(41 mg g-1), enhancing adsorption capabilities. Additionally, the surface is rich 

in oxygen-containing functional groups, such as carbonyl, carboxyl, and 

hydroxyl moieties, enhancing CO2 adsorption. The results emphasize the 

practicality of using macadamia husk for large-scale gasification, which can 

produce solid adsorbents. This dataset makes a substantial contribution to 

enhancing the sustainability of biomass gasification. 
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Introduction 

 

The macadamia nut is among the most sought-after 

food in the world due to its wide array of health 

benefits. Global macadamia nut production has 

steadily increased over the past decade, reaching an 

estimated 78,415 tons in 2022 [1]. Forecasts suggest a 

constant rise in global demand for macadamia 

products, leading to the expansion of production. 

The primary product of the macadamia nut is its kernel, 

comprising roughly 30 % of the nut's weight, while the 

remainder consists of husk (MH) and nutshell (MNS) 

[2]. This results in an estimated annual production of 

nearly 183 million tons of macadamia residues.  

Currently, macadamia residues are underutilized, 

primarily discarded or incinerated, with only a small 

fraction repurposed on-site for inefficient applications 

such as soil fertilization and poultry feed. This 
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inefficient management raises concerns about 

environmental and health impacts and resource 

wastage. Hence, there is a pressing need for research 

to explore high-value applications for macadamia 

residues, contributing to sustainable farming practices. 

Previous studies have suggested that macadamia 

residues, due to their wood-like characteristics, hold 

great promise as biomass fuel for energy conversion 

technologies such as gasification [3,4]. 

Gasification is the thermochemical process of 

converting carbon-containing materials into gases 

through partial oxidation reactions at high 

temperatures, typically between 700 °C to 1400 °C [5]. 

This process involves the reaction of carbon with air, 

oxygen, steam, carbon dioxide, or a mixture of these 

gases. The resulting product, known as syngas, 

primarily consists of CO and H2, alongside N2, CO2, 

and CH4. Syngas can be utilized directly in combustion 

chambers or gas engines to generate heat, power, or 

electricity for various applications. It also holds 

potential as a feedstock for synthesizing methane, 

hydrogen, biofuels, and chemicals, although these 

applications are still in the experimental stage [6]. 

MNS has garnered significant research attention 

globally due to its physicochemical properties akin to 

wood, making it suitable for various applications, 

notably the synthesis of carbonaceous materials like 

activated carbon and graphene-like carbon. However, 

MH has received less focus, with limited applications. 

Thus, utilizing MH in biomass gasification processes is 

crucial, offering a sustainable solution for managing its 

abundant waste volume. Hence, MH was chosen as the 

operating material for the pilot-scale gasification system. 

Emitting greenhouse gases such as CO2, CH4, and N2O 

into the atmosphere is a serious issue as it can lead to 

climate change. CO2 is of particular concern among 

greenhouse gases as it is the primary driver of global 

warming [7]. This results in significant environmental 

impacts on land, causing severe droughts, altering 

rainfall patterns, exacerbating heatwaves, melting ice 

caps, and rising sea levels [8].  

To mitigate CO2 emissions into the atmosphere, many 

studies aim to develop new and advanced methods for 

efficient CO2 capture. In the CO2 capture industry, CO2 

is absorbed in amine-based solutions [9]. However, this 

method has drawbacks such as high equipment 

corrosion risk, additional energy required for solvent 

regeneration, and the generation of waste sludge. 

Solid material-based adsorption methods are easier to 

handle and not prone to corrosion. Recent studies on 

biochar CO2 adsorption have shown that biochar from 

agricultural residues can effectively capture CO2 and 

can be scaled up [10,11].  

Previous laboratory-scale studies have indicated the 

potential of residual char from MH gasification as a 

viable CO2 adsorbent. However, significant variations in 

conversion conditions, such as temperature and 

reactant composition, can lead to qualitative and 

quantitative differences in the characteristics of the two 

types of MH gasification char. These disparities may 

directly influence the feasibility of utilizing MH 

gasification char as an adsorbent material in practical 

large-scale systems. Therefore, to accurately assess the 

feasibility and viability of employing MH as a biomass 

feedstock for simultaneous energy and adsorbent 

material production, it is imperative to investigate the 

CO2 adsorption capacity of MH gasification char at 

pilot scale under conditions closely resembling real-

world scenarios.  

 

Experimental 

 

Gasification of macadamia husk 

The experimental gasification system utilized in this 

study is a type of fixed-bed downdraft gasifer, 

specifically PP20 20kW model, abbreviated as PP20, 

manufactured by All Power Labs. The system 

comprises three main components: the gasifier unit, 

the filtration unit, and the internal combustion engine, 

as depicted in Fig 1 below. 

 

 

Fig. 1: The commercial downdraft fixed-bed gasifier 

(PP20 All Power Lab) 

 

Primarily, 100 kg of raw MH is introduced into the 

system via a designated hopper. Once the system is 

activated, the biomass progresses through distinct 

stages including drying, pyrolysis, and gasification. 

Following this, the resultant syngas is purified through 

a cyclone to eliminate impurities, before being 

employed as fuel in a gas engine coupled with a 

generator to generate electricity. 
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After the gasification process of MH using the PP20 

system concludes, the residual chars are collected from 

the char container situated adjacent to the reactor 

chamber. In reality, the ratio of the recovered char 

mass from the char container to the input MH mass 

was found to be approximately 27.1 %, which equivalent 

to a char yield of 27.1 kg per 100 kg of raw MH. 

 

Characterization of gasified chars 

Functional group analysis on the surface of the chars 

was conducted using a PerkinElmer UATR-FTIR 

spectrometer. This spectrometer has a mid-infrared 

range of 500 to 4000 cm-1 and a resolution of 4 cm-1. A 

Jeol JSX - 1000S X-ray fluorescence spectrometer (XRF) 

was used to determine the elemental composition of 

the created chars. The Micromeritics ASAP 2060 was 

used to evaluate the adsorption/desorption 

characteristics of N2 in MH char. After a 6-hour period 

of outgassing at a temperature of 300 °C, the char 

sample underwent examination. The data pertaining to 

adsorption and desorption ranged from 0 to 0.99 

relative pressure (p/po). The Brunauer-Emmett-Teller 

(BET), Barrett-Joyner-Halenda (BJH), and t-plot 

techniques were used to quantitatively determine the 

surface areas of total, micropore, and mesopore 

regions, as well as the pore volume of MH chars. 

 

CO2 adsorption 

The CO2 gas adsorption experiment was conducted on 

the Macro Thermogravimetric Analyzer (Macro-TGA) 

system. Each type of gas was controlled by a separate 

flowmeter. The biomass sample was placed in a 

container tray attached to the lifting column, and the 

sample mass was continuously measured by a balance 

and recorded by a computer every 5 seconds. The flow 

rate of CO2 gas was set to 5 L min-1, and the amount of 

MH gasified char used for the experiment was 0.3 

grams. N2 gas was used in the desorption process, with 

a flow rate equal to that of the CO2 gas. The CO2 gas 

adsorption process was tested at atmospheric pressure 

and room temperature of 25 °C. 

 

Results and discussion  

 

Functional group composition on char surface 

The surface functional group arrangement of MH 

gasified char from the PP20 system is illustrated in Fig. 

2. Generally, the composition of surface functional 

groups at the pilot scale closely resembles that of 

laboratory-scale chars. However, char produced 

through the PP20 system exhibits notably higher 

intensity in FTIR spectra compared to laboratory-scale 

processes [3]. This suggests a greater abundance of 

functional groups linked to molecular bonds on the 

char surface at the pilot scale, along with peak position 

displacements indicating variations in hybridization or 

electron distribution within molecular bonds between 

the two char types. 

 

Fig. 2: FTIR spectra of MH gasified char 

 

FTIR spectrum analysis identified bending C-H bonds 

(at 700 cm-1), O-H bonds (at 1340 cm-1), C=C bonds (at 

1544 cm-1), and C=O bonds (at 1714 cm-1) on the 

surface of MH gasified char from the PP20 system. The 

intensity of peaks in the range of 2000 to 4000 cm-1 

was significantly higher compared to laboratory-scale 

char, particularly peaks corresponding to O=C=O, C-

H, and O-H bonds (at 2337 cm-1, 3100 cm-1, and 3740 

cm-1, respectively). This difference is likely due to the 

higher operational temperature (> 1000 oC) of the 

PP20 system compared to laboratory-scale gasification 

(950 oC) [3]. 

The abundance of surface functional groups, including 

carbonyl, carboxyl, and hydroxyl, may enhance its CO2 

adsorption capacity. This study underscores the CO2 

adsorption potential of MH char under standard 

gasification conditions [12,13]. 

 

Structural properties of char 

The isothermal nitrogen adsorption-desorption curves 

and distribution of pore width of the gasified char 

obtained from macadamia husks collected from the 

PP20 system are illustrated in Fig 3a and 3b. In 

addition, the Table 1 provides comprehensive data on 

the specific surface area, micro-meso pore surface 

area, and pore volume, obtained through the BET, t-

plot, and BJH methods. The findings indicate that the 

gasified char derived from MH in the PP20 system 

demonstrates a total surface area of SBET = 37.8 m2 g-1. 
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This result is similar to the gasified char generated at 

elevated temperatures using air as a reactant for 

different agricultural biomass sources, including rice 

husk (SBET = 32.3 m2 g-1) [14], corn stover (SBET = 23.9 

m2 g-1) [15], and wood biomass, specifically pine 

sawdust (SBET = 52 m2 g-1) [16]. Furthermore, the 

gasified char derived from MH in the PP20 system 

exhibits a predominantly porous structure 

characterized by micro-sized pores (width ≥ 2 nm). 

These pores possess a surface area (SMicro) of 14 m2 g-1 

and a volume (VMicro) of 0.0077 cm3 g-1. The 

identification of micro-sized pores suggests that the 

gasified char derived from macadamia shell residues 

holds promise as a viable adsorbent material for 

pollutants with small molecular diameters, such as CO2, 

on an experimental scale. 

 
Fig. 3: (a) N2 adsorption/desorption isotherms and (b) 

distribution of pore width 

 

Moreover, the analysis of the structural characteristics 

shows that the porosity of the gasified char produced 

from MH on the PP20 system experiences a notable 

decrease compared to the gasified char formed in a 

controlled laboratory setting, which was found to have 

an SBET value of 399 m2 g-1 and a VBET value of 0.236 

cm3 g-1 in previous research [3]. The measurement of 

porosity depends on the surface area and pore 

volume. The observed difference can be attributed to 

the variation in gasification conditions between the two 

gasification models. In the PP20 model, MH is gasified 

at temperatures higher than 1000 °C, using air as the 

reacting agent. The laboratory-scale gasification 

process of MH is conducted at lower temperatures 

compared to the PP20 system (950 °C), utilizing CO2 

and steam as the reacting agents [3]. Exposure to 

temperatures surpassing 1000 °C leads to a notable 

decrease in the porosity of char. The decrease in size 

can be ascribed to the disintegration of the pore 

structure and the liquefaction of inorganic mineral 

substances on the surface, resulting in the blockage of 

pores [17]. Furthermore, it has been confirmed that the 

utilization of CO2 and steam as gasifying agents 

instead of air has a positive impact on the formation of 

micro and meso-sized pores in the gasified char, 

thereby increasing the overall porosity of the char [18].  

 

Table 1: Specific surface area and pore volume of MH 

gasfied from PP20 system 

SBET  

(m2 g-1) 

SMicro  

(m2 g-1) 

SMeso 

(m2 g-1) 

VBET  

(cm3 g-1) 

VMicro 

(cm3 g-1) 

VMeso 

(cm3 g-1) 

37.8 14 10.27 0.0375 0.0077 0.0138 

 

Therefore, it is reasonable to suggest that the gasified 

char derived from MH on the PP20 system 

demonstrates a reduced adsorption capacity when 

compared to the gasified char generated at the 

laboratory levels. This assertion holds particular validity 

when the adsorption mechanism of the char primarily 

functions through physical mechanisms. 

 

Elemental composition of char 

The X-Ray Fluorescence study facilitated the 

determination of the inorganic composition of char, as 

depicted in Table 2. Furthermore, prior research has 

determined that the ash content of MH is around 3.10 

wt% [3]. 

 

Table 2: Inorganic composition of MH gasified by the 

PP20 system 

Inorganic content (%) 

K Al Ca Fe Other Total 

11.3 3.54 39.2 1.56 34.3 0.75 

 

The ash component of the biomass feedstock consists 

of its inorganic elemental composition and remains 

constant during the thermochemical conversion 

process. Hence, the ash concentration in the feedstock 

serves as a measure of the overall quantity of inorganic 

components found in the char particles. Therefore, the 

organic and inorganic components of the char were 

computed and displayed in Table 3. 

 

Table 3: Organic and inorganic composition of MH 

gasified by the PP20 system 

Organic 

content 

(mg g-1) 

Inorganic content (mg g-1) 

 K Al Ca Fe Other Total 

895 12 3.7 41.2 34.3 13.95 10.5 

 

The analysis of the data indicates that the char sample, 

contains a significant amount of calcium (greater than 

41 mg g-1), iron (greater than 34 mg g-1), and 
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potassium (approximately 12 mg g-1) as part of its 

overall elemental composition. As a result, when 

comparing MH gasification at the laboratory scale to 

the MH char obtained from the PP20 system, it was 

observed that the MH char displayed a notably greater 

calcium content compared to potassium. This calcium 

content constituted a significant proportion of the 

inorganic content in the char sample [3]. The difference 

in gasification temperature between the pilot scale and 

the laboratory scale may have caused the potassium 

content in the char sample to decompose [19]. 

Furthermore, the analytical findings unveiled minute 

quantities of additional inorganic constituents, such as 

aluminum (Al), phosphorus (P), and sulfur (S). 

Significantly, it was observed that pilot-scale MH chars 

contained a small amount of Si, a recognized element 

that could potentially hinder the biomass gasification 

process [20-22]. 

The inhibitory function of inorganic constituents in char 

on gasification reactions has been verified to exert a 

more significant influence than morphological 

attributes. The emergence of active sites is commonly 

observed at the crystal edges of char, where there is a 

concentration of defects in the carbon crystal or 

catalytic mineral clusters. The impact of inorganic 

constituents on the kinetics of char gasification has 

been highlighted in prior research, with a specific focus 

on the catalytic properties of alkali and alkaline earth 

metals, namely K, Na, Ca, and Mg [23]. Among the 

elements present in lignocellulosic biomass 

composition, Na is relatively rare, while Mg has been 

found to have a negligible effect on the reactivity of 

biomass gasification processes. 

The zeroth-order trend in the ratio of K/(Si+P) in the 

MH char gasified at the pilot scale is observed, similar 

to the gasification process conducted at the laboratory 

scale [3]. This observation showcases the stability of the 

conversion rate, thereby guaranteeing uniformity in both 

the yield of synthesis gas and the conversion of char. 

Moreover, the identification of alkali and alkaline earth 

metal elements, specifically K and Ca, on the surface of 

the char resulting from MH gasification, is associated 

with the augmentation of the material's alkalinity, 

consequently enhancing its capacity to adsorb CO2, a 

compound characterized by acidic properties [12,24]. 

The aforementioned attribute has the potential to 

facilitate the chemical adsorption mechanism of carbon 

dioxide gas by the char, as it encourages the creation 

of carbonate, bicarbonate, mineral, and various other 

compounds. Hence, the existence of K and Ca 

constituents in the char produced through MH 

gasification indicates that this substance has the 

potential to be efficiently employed as a CO2 

adsorbent. Therefore, the analysis of the elemental 

composition of the char produced through MH 

gasification in the PP20 system can offer significant 

insights into the potential uses of this carbonaceous 

solid by-product. 

 

CO2 adsorbability 

Fig 4 illustrates the results of CO2 gas adsorption when 

using MH gasified char from the PP20 system. The 

results indicate that the material gained an additional 

mass of 3.54 wt% compared to the initial mass after a 

relatively long period (approximately 65 minutes). This 

mass gain corresponds to an adsorption capacity of 

0.77 mmol CO2 per gram of material. Furthermore, 

when transitioning to a stream of N2 gas for sample 

regeneration, the material releases CO2 much faster 

than the CO2 adsorption time (about 10 minutes to 

completely release 100 % CO2). This represents an 

advantage in CO2 adsorption technology as it allows 

for the separation of CO2 gas from the exhaust stream 

and its storage elsewhere. The measured CO2 gas 

adsorption results are also consistent and compatible 

with the SBET in Table 1. CO2 gas molecules readily 

adsorb onto the surface of the biomass char due to its 

porous surface structure via physical mechanisms. 

 

 
Fig. 4: CO2 adsorption of MH gasified chars 

 

Conclusion 

 

The results obtained from the gasification of MH in a 

pilot scale system indicate that it is indeed feasible to 

use MH for energy generation and CO2 adsorbent 

production in a commercial cascading manner. The 

MH chars exhibited a porous structure, with micro-

pores being the most prominent. In addition, the 
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presence of numerous oxygen-containing and basic 

functional groups, along with a significant 

concentration of K and Ca on the surface, collectively 

resulted in a peak capacity for CO2 adsorption of 0.77 

mmol per gram of char. 

These findings are highly significant in determining the 

appropriateness of MH as a replacement biomass 

feedstock for wood in biomass gasification technology, 

allowing for the simultaneous production of energy 

and synthesis of adsorbent materials. Both the 

economic feasibility and environmental sustainability of 

this promising thermochemical biomass conversion 

technology are enhanced by their contributions. 
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