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Abstract. In — depth information about the characteristics and potential use of post-gasification
residues is the key to unlock the sustainability potential of biomass gasification. This study
aimed to explicate the physico-chemical properties of residues after the gasification of
macadamia nut shell using a commercial gasifier. The results revealed an important amount of
carbon content remained in the residues, marking the low conversion efficiency of the process.
The obtained residues were deemed unsuitable for use as adsorbents due to low surface areas
with non-porous structures. However, the surface of the residues contained multiple carboxyl
and hydroxyl functional groups. Also, a remarkable amount of K (up to 86 wt% of the char’s
total inorganic elements) was observed to be evenly distributed on the char surface. The results
solidified the possibility of utilizing the residues as bio-fertilizers, and provided essential data
for the development of sustainable energy production processes using macadamia nut shell
for gasification.
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1. INTRODUCTION

In many countries, biomass is an abundant resource with great potential and yet currently
neglected. Advanced renewable energy technologies, like gasification, provide a suitable use of
biomass as feedstock [1]. With syngas, which mainly consists of CO and H,, being its primary
product, biomass gasification is a vastly beneficial thermal chemical conversion process. Such a
claim is supported by the wide variety of applications that syngas has to offer as an excellent
energy carrier and chemical precursor [2]. Therefore, in recent years, gasification technology has
attracted the attention of many investors and countries around the world [3]. The gasification
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process is divided into four consecutive phases: dehydration, pyrolysis, volatile matters
decomposition, and char gasification. Primarily, the biomass is heated and then pyrolyzed.
Subsequently, the generated substances and the gasifying agents interact to produce the final
output of the process.

Nevertheless, the sustainable development of gasification technology depends on two major
factors: (1) the diversification of raw materials and (2) the use of solid waste generated from the
gasification process [4]. The current state-of-the-art biomass gasification systems are strictly
fitted for the consumption of wood and woody materials [2, 5]. The diversification of
gasification feedstocks is crucial to the future of this technology due to the intensifying contest
for wood [2]. Besides, biomass gasification often generates a large amount of solid waste due to
the characteristics of biomass (low conversion efficiency, high ash content) [4]. Therefore, if not
properly treated, this end-of-pipe waste can have a great impact on the environment, reducing
the reliability of the gasification technology. To identify the most effective and relevant
applications, it is necessary to conduct a comprehensive study on the characteristics of the post-
gasification residues.

Macadamia nuts are a high value agricultural product that is cultivated globally. The
Macadamia tree was first introduced to Viet Namin 1994, and commercially cultivated from
2004 in the North-Western and Central Highlands region of Vietnam. Nevertheless, Viet Nam is
also aiming to enlarge its macadamia production in the upcoming years [6]. Thus, macadamia
processing activity in Viet Namgenerates a considerable amount of macadamia nut shell (MNS)
annually. Unfortunately, due to the lack of suitable application, most of the MNS becomes
waste, negatively impacting the environment. Considering the wood-like characteristics of MNS,
this biomass would be a potential feedstock for gasification [7].

Therefore, in this study, we demonstrated the first comprehensive study of the physico-
chemical, and structural properties of the post-gasification residues of MNS generated via a
commercial gasifier and identified its potential applications.

2. MATERIALS AND METHODS
2.1. Macadamia husk feedstock
For this study, MNS from the 695 (Beaumont) macadamia variety (Figure 1) was selected

as it is one of the most widely cultivated varieties in Viet Nam. MNS was obtained from Dak
Lak province in the Central Highlands region of Viet Nam.

(a) (b) (c)
Figure 1. (a) Macadamia fruit, (b) Fresh MNS, (c) Dried MNS
After being rinsed with distilled water and subsequently sun-dried, the MNS samples were

maintained at room temperature in air-tight boxes before going through further treatment
and analysis.

59



Nguyen Hong Nam, et al.

2.2. Collection of post-gasification residues

The solid residues were collected after gasification of MNS using a commercial gasifier
(PP20 All Power lab) (Figure 2). The system comprises of a gasifying unit, a filtration module,
and a gas combustion engine. An auger, where the dehydration and pyrolysis stage occur, is
installed at the top of the reactor to introduce the feedstock into the gasifier. Air, pre-heated by
the generated syngas, is fed into the reactor through nozzles to create a combustion zone where
the pyrolysis tars are oxidized. Consequently, the outlet gases from the combustion zone react
with the char from the reduction zone, which result in the production of the fuel gases.
Eventually, the residual char is discarded via another auger. A cyclone is implemented to
separate the reactor’s outgoing syngas and fine particles. Subsequently, the syngas runs through
a built-in char bed filter to rid itself of tars, moisture, and particulates. Ultimately, the filtered
syngas is combusted in the engine, which is incorporated with an alternator for power
generation. In this study, the generator was connected to several spatial heaters that were used as
electrical load, syngas is combusted in the engine, which is incorporated with an alternator for
power generation. In this study, the generator was connected to several spatial heaters that were
used as electrical load.

Primarily, the hopper was loaded with roughly 100 kg of raw feedstock. For the activation
of the gasifier, a propane gas torch was used to heat the reduction zone to 80 °C. Throughout this
phase, the outlet syngas was channeled to the flare. The engine automatically started once the
temperature exceeded 700 °C, after about 20 minutes. The electrical load was increased
progressively until reaching the appropriate level. After approximately 2 hours of operation, the
system obtained steady-state. The system was halted and left to cool down naturally upon the
depletion of the feedstock. Ultimately, as the system was shutting down, the electrical load was
progressively brought down until the engine ceased with the syngas being directed to the flare.
Marking the end of the experiment, the air inlet was closed. The residues were retrieved from
two sections: the lower site of the reactor (Residue 1), and the end-of-pipe biochar
container (Residue 2).

Flarc

Reactor

Generator
Residue
continer

Figure 2. The commercial PP20 gasifier

2.3. Proximate analysis
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In this study, proximate analysis of MNS post-gasification residues was thoroughly
conducted and reported. The ash (A) (ASTM D-3174 standard), and volatile matter (V) (ASTM
D-3175 standard) were investigated. Apart from that, the higher heating value (HHV) of MNS
was identified using a Parr 6200 Calorimeter. Consequently, the fixed carbon content (FC) was
quantified by FC = 100 - VM - A.

2.4. Char surface functional groups analysis

With the MIR range of 500-4000 cm™* and the resolution of 4 cm®, a UATR-FTIR
spectrometer (PerkinElmer-) facilitated the identification of the functional groups on the surface
of MNS post-gasification residues. The atmospheric humidity was regulated below 50 % via an
independent dehumidifier. The samples were uniformly ground before the analysis. Each sample
was scanned twice under a compression force of 40 N.

2.5. Char elemental compositional analysis

A JSX-1000S X-ray fluorescence spectrometer (XRF) developed by Jeol was utilized for
the elemental composition analysis of the post-gasification residues. The apparatus was
equipped with silicon drift detector, and an optical system with filters that facilitated highly
sensitive analysis of the entire energy range. Lighter elements in the samples were identified in a
vacuum chamber.

2.6. Surface chemical compositions and distribution

A scanning electron microscopy (TM4000Plus Hitachi) incorporated with an energy-
dispersive X-ray spectroscopy (EDS) analysis allowed the investigation of the surface chemical
compositions and distribution of the post-gasification residues. An assessment of the surface
chemical distribution was enabled via the mapping of the surface chemical compositions.

2.7. N, adsorption/desorption analysis

The BET-NOVA touch LX4 of Quantachrome was used to determine the N,
adsorption/desorption of the MNS post-gasification residues. Prior to the analysis, the samples
were outgassed for 6 hours at 300 °C. Throughout the process, the yielded data were tracked and
logged throughout a range of p/p, from 0 to 0.99. Consequently, an estimation of the residues’
total surface area and total pore volume was obtained using the Brunauer — Emmett — Teller
(BET) method, and the density functional theory (DFT) method.

3. RESULTS AND DISCUSSION
3.1. Proximate characteristics of post-gasification residues

Important proximate characteristics of the post-gasification residues, namely fixed carbon,
ash content, volatile matter, and calorific value were investigated. The results of the analysis
were presented in Table 1. The volatile matter remained in both residues was very low (2 - 3 %),
as a result of the conversion under high temperatures. On the contrary, the ash content and fixed-
carbon content changed dramatically when being submitted to the thermal decomposition during
gasification. Residue 1 possesses an ash content of 20.2 %, which is much lower than that of
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Residue 2 (45.5 %). The high ash content is a major obstacle in finding suitable applications for
Residue 2. The HHV of Residue 1 was 28.2 MJ kg, which is similar with that of typical coal
[8]. The HHV values of residues could be considered as an essential input in the computation of
heat balance, modeling, and simulations; thus, contribute in the determination of the capacity
and dimensions of the energy conversion systems. It is noteworthy that both residues still
contain a large amount of carbon content, marking the incomplete conversion of the gasification
process. This fact is not an advantage in terms of energy conversion, but could be beneficial for
the use of the residue as a biochar product.

Table 1. Proximate characteristics of post-gasification residues.

Parameter VMg, (Wt%) Ag, (Wt%) FCq, (Wt%) HHV (MJ kg™)
Residue 1 3.1 20.2 76.7 28.2
Residue 2 2.1 45.5 52.4 15.1
3.2. Porosity of post-gasification residues
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Figure 3. N, adsorption/desorption of post-gasification residues.

Table 2. Specific surface area and total pore volume of residues from gasification.

Sample Seer (M g™) | Virow (cm® g™)
Residue 1 5.42 0.045
Residue 2 3.38 0.029

The N, adsorption/desorption isotherms of MNS post-gasification residues were displayed
in Figure 3. The result showed that the residues adsorbed an insignificant amount of N,. Table 2
showed the estimation of the Sger and Vrow achieved by the BET and DFT methods. The Sger
and Vrom Of Residue 1 reached Sger = 5.42 m? g ' and Vrow = 0.045 cm® g%, and Residue 2
reached Sger = 3.38 m* g and Vo = 0.045 cm® g ', These results implied that both the residues
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possess a non-porous structure. Thus, the MNS post-gasification residues could be deemed unfit
for application as adsorbents.

3.3. Surface functional groups of post-gasification residues

Figure 4 illustrated different functional groups on the surface of the residues. The
compositions of functional groups on the post-gasification residues surface bring about essential
insight on the char properties, and reaction mechanisms [9]. The FTIR spectra indicated that the
surface of both residues contains similar functional groups on the surface, but their intensity was
much stronger in Residue 1 than Residue 2. The first peak (around 1000 cm™) corresponded to
the C-O groups while the second peak (around 1308 cm™) attributed to the O-H groups. The
third peak at 1640 cm™ implied the presence of the C=C stretching bonds. Nevertheless, the
fourth and fifth peaks at 2263 and 3000 cm* suggested the existence of C=0 and C-H groups on
the surface of the residues, respectively. A small trace of O-H group was also observed in
both residues.
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Figure 4. FTIR spectra of post-gasification residues

In general, the surface of MNS post-gasification residues contains mostly carboxyl and
hydroxyl functional groups, which tend to form salts with metallic cations in solid residue [10,
11]. As the result, these salts improve the alkalinity of the solid residues along with the cation
exchange capacity in soil. Thus, MNS post-gasification residues could be considered beneficial
if used as a soil amendment [12].

3.4. Evolution in elemental compositions

Via the XRF technique, the elemental compositions of the post-gasification residues were
investigated. The XRF spectra of MNS post-gasification residues was displayed in Figure 5. It
can be observed that a large amount of K, ranging from 80 to 86 wt.% (of the total inorganic
elements) exists in both residues. The determined K content of the MNS post-gasification
residues is substantially higher than that of other common biomasses in Viet Nam[13-16]. For
example, biochar derived from tea waste (2.93 wt.%), hazelnut husk (1.38 wt.%), rice husk (2.13
wt.%), and poultry litter (8.66 wt.%) were found to possess significantly lower amount of K
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content compare to that of MNS char [14]. Moreover, the amount of K detected in elephant
grass, which was dominant among its inorganic content, was considerably inferior to that of
MNS post-gasification residues [13]. Such result may give interesting hints about the possible
applications of MNS post-gasification residues.
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Figure 5. XRF spectra of post-gasification residues.

Previous studies have highlighted the importance of K to plant growth, crop production,
soil microorganisms, human’s and livestock’s well-being [17]. With such remarkable K-content,
the MNS post-gasification residues could be considered as low-cost, and sustainable bio-
fertilizers. This is especially beneficial as the increasing scarcity of mineral ores makes K
fertilizers become more and more costly [18]. Furthermore, different metals, namely aluminum,
chromium, iron, copper, and rhodium, as well as non-metal elements, namely phosphorus,
calcium, and bromine, were also identified. Such minerals are also serviceable to plant growth.
Apart from that, no heavy metal was found in the post-gasification residue samples. This might
be a foundation for the production of a sustainable MNS biochar.

3.5. Mapping of surface elements on post-gasification residues

© - (d)

Figure 6. Mapping images of all surface elements in (a) Residue 1 and (b) Residue 2; Mapping of
K element only in (c) Residue 1 and (d) Residue 2. In red: C element; In green: K element.
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Figure 6a and Figure 6b presented the mapping images of all surface elements in post-
gasification residues. It can be seen that C (in red color) and K (in green color) were the two
dominant elements on the surface of the residue. Considering the K content alone in Residue 1
(Figure 6¢) and Residue 2 (Figure 6d), it can be seen that the K element was evenly distributed
on the surface of both Residues. This is greatly beneficial to the absorption of K by plants if
these chars were used as soil amendments. Previous studies have pointed out that the absorption
of K from biochar does not solely depend on the proportion of this element in the char but also
the accessibility to K of the plant. In many cases, despite the high K content, plants were unable
to absorb the nutrient as K was entrapped within the rigid phytolith, which is commonly found in
biochar [19]. Regarding MNS post-gasification residues, the significant presence of K on the
surface might result in an easier and more efficient release of the nutrient, thus better improve
soil quality.

4. CONCLUSIONS

An extensive database of the physico-chemical and structural properties of MNS post-
gasification residues was established in this study. The high amount of fixed carbon on the
residues marked the incomplete conversion of the biomass, leaving behind a rich-organic
carbonaceous material after gasification. Considering an insignificant porosity and a high ash
content, the use of post-gasification residues as absorbents seems to be irrelevant. However, the
presence of carboxyl and hydroxyl functional groups caused by the gasifying reactions between
MNS char and the reacting agents, combined with the remarkably large amount of K (up to 86
wt% of the total inorganic elements) evenly distributed on the surface of the solid residue
suggested that it has promising potential to be utilized as fertilizer and soil amendment.
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