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ABSTRACT

This study demonstrates the valorization of macadamia nutshells, a lignocellulosic agricultural waste, as both a

carbon source for amylase production and a support matrix for enzyme immobilization. Under optimized solid-state

fermentation conditions, Aspergillus niger ICP2 synthesized amylase with a peak activity of 0.312 U/mL after 72 hours. A

four-step purification process of the crude enzyme extract resulted in a 188.54-fold increase in specific activity, albeit with

a final recovery yield of 0.0031%. In parallel, nutshells were carbonized at 600 °C, 700 °C, and 800 °C, then chemically

activated with ZnCl2. The carbon derived at 700°C exhibited superior physicochemical characteristics, including enhanced

porosity and increased availability of functional groups, which enabled effective enzyme adsorption, improved catalytic

performance, and enhanced reusability. Immobilized amylase on this support retained approximately 30% of its initial

activity after five hydrolysis cycles, demonstrating moderate operational reusability and potential for repeated use in

bioprocesses. In contrast, carbon materials from 600 °C and 800 °C showed lower stability and enzyme performance.

These findings highlight the critical role of carbonization conditions in designing effective immobilization matrices and

underscore the potential of macadamia nutshells as a renewable and sustainable resource for biocatalyst development.
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This “biowaste-to-biocatalyst” strategy exemplifies a circular bioeconomy model with implications for green chemistry,

industrial biocatalysis, and environmental sustainability.
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1. Introduction

Macadamia nutshells, a widely abundant by-product

of agricultural processing, are primarily composed of cel-

lulose, hemicellulose, and lignin, with cellulose serving

as the principal contributor to their remarkable mechani-

cal strength [1–3], a characteristic that has traditionally con-

fined them to low-value applications. However, recent ad-

vances in research have illuminated the untapped potential

of macadamia nutshells for more advanced and commer-

cially viable uses, including their role as carriers for pesti-

cides [4, 5], abrasives [6, 7], and paint thickeners [8, 9], thereby

expanding the scope of their industrial applications. Be-

yond these novel uses, the considerable abundance of struc-

tural polysaccharides in macadamia nutshells offers an entic-

ing opportunity to repurpose this underutilized agricultural

waste as a low-cost, renewable substrate for the production

of industrial enzymes [10], aligning with the growing need

for sustainable and environmentally responsible biotechno-

logical processes.

Macadamia nutshells, a non-edible lignocellulosic

waste, offer a sustainable and cost-effective alternative

to chitosan for enzyme immobilization. Unlike chi-

tosan, which requires energy-intensive deacetylation [11, 12],

carbonized macadamia nutshells are more eco-friendly

and readily available. They exhibit superior mechanical

strength and thermal stability, making them better suited

for reuse in harsh industrial [2, 13] conditions where chitosan

may degrade at elevated temperatures [14–16]. In this study,

we demonstrate that macadamia nutshells derived from

Macadamia integrifolia not only serve effectively as a sub-

strate for amylase production by the fungusA. niger through

solid-state fermentation but also as a precursor for the gen-

eration of activated carbon, which, in turn, functions as

an efficient support material for the immobilization of the

amylase enzyme, enhancing its stability and reusability for

potential industrial applications.

2. Materials and Methods

2.1. Macadamia Nutshells as a Source for Sub-

strate in Amylase Production and for Acti-

vated Carbon Preparation

Macadamia integrifolia nutshell waste, obtained from

the Macadamia Plantation of PTPN I Blawan in Kalianyar

Village, Bondowoso Regency, Indonesia, was utilized both

as a substrate for amylase production and as a source mate-

rial for the preparation of activated carbon used in enzyme

immobilization. The nutshell waste was pulverized to a fine

powder (50–200 mesh) to serve as the fermentation substrate,

while activated carbon was produced through specific treat-

ments as detailed in the following methodology.

2.2. Maintenance of Amylolytic Fungal Strain

A. niger ICP2 and its Amylase Production

Amylase production was carried out using the amy-

lolytic fungal strain A. niger ICP2, an indigenous filamentous

fungus isolated from coffee pulp waste collected in East Java,

Indonesia. This strain was selected based on its demonstrated

potential to produce extracellular amylase in preliminary

screening assays. For routine inoculum maintenance and

preparation of working culture stocks, A. niger ICP2 was

sub-cultured on Potato Dextrose Agar (PDA) medium and

incubated at 30 °C for 3 days to promote optimal mycelial

growth and sporulation. The resulting fungal biomass and

spores were subsequently used as the inoculum source for

the submerged fermentation process in amylase production.

Amylase production was conducted using the solid-state

fermentation (SSF) method. The SSF medium (100 g total

substrate), prepared in a 2000 mL bottle flask, consisted of

sterilized macadamia nutshell powder and distilled water in a

2:3 (w/v) ratio, without the addition of external nutrients or

minerals. The initial pH of the medium was approximately

6.8. After sterilization, the medium was inoculated with 1 mL
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of a spore suspension of A. niger ICP2 at a concentration of

1.33 x 108 spores/mL, using a substrate-to-inoculum volume

ratio of 10:1 (v/v) [17]. Fermentation was carried out at 37

°C for 4 days to determine the optimal incubation period

for maximum amylase production. Enzyme activity was

monitored at 24-hour intervals throughout the incubation

period. To recover the crude amylase produced under SSF

conditions, Natrrium Chloride (NaCl) extraction was per-

formed by adding a solution containing 0.01% sodium azide

and 1% NaCl to the fermented substrate at a 1:1 volume ratio

(v/v), followed by shaking for 6 hours. The solid residue

was then separated from the liquid phase by centrifugation at

4000 g for 10 minutes. The resulting supernatant, containing

the crude amylase, was filtered through a 40 μm membrane

and stored at 4 °C for further analysis.

2.3. Amylase Purification

Amylase purification began with ammonium sulfate

precipitation. One milliliter of crude enzyme extract was

subjected to fractional precipitation using ammonium sulfate

at saturation levels ranging from 20% to 100%. Each mix-

ture was homogenized and incubated on ice for 30 minutes,

followed by centrifugation at 13000 rpm for 20 minutes. The

resulting pellets were resuspended in 20 mM acetate buffer

(pH 5.0). The optimal saturation level for amylase recovery

was determined based on enzyme activity assays and subse-

quently applied to a 500 mL volume of crude extract. The

precipitate was then dissolved in 10 mL of the same acetate

buffer and dialyzed using a 10–12 kDa molecular weight

cut-off cellulose membrane to remove residual ammonium

sulfate. Completion of dialysis was confirmed by the ab-

sence of ammonium ions (NH4
+), as indicated by Nessler’s

reagent.

Further purification was performed using aMono QHR

5/5 anion exchange column (Pharmacia), pre-equilibrated

with the same acetate buffer. Elution was carried out via fast

protein liquid chromatography (FPLC) using a linear NaCl

gradient from 0 to 0.5M.Active fractions containing purified

amylase were pooled, dialyzed again against acetate buffer,

and subjected to a final polishing step using gel filtration

chromatography with a Pharmacia Superdex 75 column. The

purified amylase was stored at 4 °C for subsequent use in

enzyme immobilization.

2.4. Amylase Activity Assay

Amylase activity was quantified using the blue value

method, based on the starch-iodine color reaction [18, 19] with

a few modifications. Iodine forms a deep blue complex with

intact starch, and as amylase hydrolyzes starch, the intensity

of this color decreases. The enzyme was incubated with a

1% starch solution, and the reaction was stopped with hy-

drochloric acid. An iodine reagent (1% KI and 0.1% I2) was

added in a 1:1 ratio, and absorbance was measured at 580

nm. A standard curve using known starch concentrations

was used to determine residual starch. Amylase activity was

expressed in units per milliliter (U/mL), where one unit is

defined as the amount of enzyme that hydrolyzes 1 mg of

starch per minute. Activity was calculated using Equation

(1):

U

mL
=

(CControl − CSample)× Vt

t× Ve
(1)

where C is starch concentration (mg/mL), Vt is total volume,

t is time (min), and Ve is enzyme volume (mL).

2.5. Synthesis of Activated Carbon from

Macadamia Nutshells

Activated carbon derived from macadamia nutshells

was synthesized through two steps: carbonization and chem-

ical activation. Dried macadamia nutshells were carbonized

in a furnace at 600 °C, 700 °C, and 800 °C for 1 hour. The

resulting carbon was pulverized and sieved to a 60-mesh

particle size. For activation, the carbon was soaked in a 1

M zinc chloride (ZnCl2)
[20] solution at a 1:10 (g/mL) ra-

tio at 80 °C for 2 hours, then dried at 120 °C for 12 hours.

The activated carbon was subsequently treated with 0.5 M

HCl for 12 hours on a shaker to remove residual activating

agents, followed by drying at 120 °C for another 12 hours.

Finally, the carbon was washed with distilled water until the

pH reached approximately 6.7, and then dried once more at

120 °C for 12 hours.

2.6. Immobilization of Amylase

Amylase immobilization was carried out using

macadamia nutshell-based activated carbon, which was car-

bonized at different temperatures: 600 °C, 700 °C, and 800 °C
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as described above. First step immobilization, the amy-

lase was diluted in 20 mM acetate buffer (pH 5) at a 1:1 (v/v)

ratio, and its concentration was measured by absorbance

at 280 nm. Immobilization was performed by suspending

the activated carbon in the enzyme solution at a ratio of 1:8

(g/mL), followed by shaking at 100 rpm at room temperature

for 4 hours. Then, the suspension was allowed to stand for

30 minutes, and the remaining enzyme in the supernatant

that was not adsorbed onto the activated carbon was mea-

sured again at 280 nm. After this step, the supernatant was

removed, and the activated carbon containing amylase was

washed with 20 mM acetate buffer (pH 5) to remove any

non-adsorbed enzyme. The amount of enzyme bound or ad-

sorbed onto the activated carbon, reflecting the immobilized

amylase, was determined by subtracting the residual enzyme

in the supernatant from the initial amount of enzyme.

2.7. Reusability Evaluation of Immobilized

Amylase

The reusability analysis of immobilized amylase was

performed by evaluating its relative hydrolytic activity, ex-

pressed as a percentage, against a 1% starch substrate in 20

mM acetate buffer (pH 5). The assay involved adding a de-

fined amount of immobilized enzyme to the starch solution at

a ratio of 1:8 (g/mL). Hydrolytic activity was assessed using

the blue value method as previously described, and the pro-

cedure was repeated over five consecutive cycles to evaluate

the stability and reusability of the enzyme. After each cycle,

the immobilized enzyme was washed and re-equilibrated

with the same acetate buffer before reuse.

3. Results and Discussion

The utilization of macadamia nutshell waste as both a

substrate for microbial amylase production and a precursor

for activated carbon-based adsorbent used in enzyme immo-

bilization presents a multifaceted and innovative approach

to sustainable biotechnology. This dual-purpose strategy not

only contributes to waste minimization by valorizing an abun-

dant agricultural byproduct, but also enhances the efficiency

and sustainability of bioprocesses through the integration

of low-cost, renewable materials. In the present study, this

concept has been successfully demonstrated, showing that

macadamia nutshell waste can serve as an effective carbon

source for the production of amylase under SSF conditions,

while the same biomass can be thermochemically converted

into activated carbon for enzyme immobilization. These

findings support the broader application of agro-industrial

residues in circular bioeconomy frameworks, where waste

streams are transformed into high-value biotechnological

inputs, thereby promoting environmentally friendly and eco-

nomically viable alternatives for industrial biotechnology.

3.1. Amylase Production

Macadamia nutshell waste showed considerable poten-

tial as a substrate for amylase production under SSF. The

successful use of macadamia nutshell waste for amylase pro-

duction under SSF addresses a notable gap in the literature.

No prior studies have reported this application, making the

findings both novel and significant. As shown in Figure 1,

A. niger ICP2 produced amylase effectively when cultivated

on this lignocellulosic substrate. Enzyme production began

24 hours after inoculation and reached its peak on the third

day of incubation, with an activity of 0.312 U/mL. This peak

suggests that the macadamia nutshells provided sufficient nu-

trients and a favorable environment to support fungal growth

and enzyme synthesis during the early stages of fermenta-

tion, confirming their suitability as a carbon source in SSF

systems. However, a sharp decline in amylase activity was

observed on the fourth day, ultimately resulting in no de-

tectable enzyme activity in subsequent days. This decrease

is likely attributed to nutrient depletion [21–25] and the accu-

mulation of metabolic by-products as previously reported,

which may exert inhibitory effects on fungal metabolism

and interfere with amylase biosynthesis [26, 27]. Such patterns

are commonly observed in SSF processes, where prolonged

incubation often leads to environmental stress within the

fermentation matrix, thereby reducing microbial efficiency

and overall enzyme productivity [23–25, 28].

The success of amylase production in this study aligns

with previous reports demonstrating the ability ofAspergillus

species to synthesize hydrolytic enzymes from various agro-

industrial residues under SSF conditions [29–31]. In particular,

substrates such as coffee pulp, coffee husk, and other ligno-

cellulosic wastes have been effectively utilized to support

the growth and enzymatic activity of these fungi [32–36]. The

comparable performance of macadamia nutshell waste ob-
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served in this study reinforces its potential as a viable and

value-added substrate for microbial fermentation. Typically,

discarded or underutilized, macadamia nutshells represent an

abundant agricultural by-product that can be repurposed for

enzyme production, contributing to both waste minimization

and resource circularity.

Figure 1. Time-course of amylase production by A. niger ICP2 cul-

tivated on macadamia nutshell waste under SSF at 37 °C. Enzyme

activity (U/mL) was measured at 24-hour intervals over a 7-day

incubation period to determine the optimal production time. The

highest amylase activity, 0.312 U/mL, was observed on day 3.

This approach not only supports environmental sus-

tainability by reducing organic waste but also enables the

development of cost-effective bioprocesses suitable for re-

gions rich in agricultural biomass. Given the promising

results with macadamia nutshells and the proven success

of other substrates like coffee pulp [33, 36], future research

should focus on optimizing fermentation parameters such as

moisture content, pH, substrate particle size, and inoculum

concentration to further enhance enzyme yields and improve

process efficiency. Such efforts would solidify the role of

agriculture-waste-based SSF in sustainable enzyme biotech-

nology.

3.2. Amylase Purification

The purification of amylase from A. niger ICP2 was

achieved through a sequential process involving ammonium

sulfate precipitation, dialysis, anion exchange chromatogra-

phy (Mono Q), and gel filtration (Superdex 75) (Table 1).

The crude extract contained 345,670 mg of total protein with

34,523 U of enzymatic activity, yielding a specific activity

of 0.10 U/mg. Ammonium sulfate precipitation at optimized

saturation significantly reduced the total protein to 7,745 mg

with minimal activity loss (31.405 U), enhancing the specific

activity to 4.05 U/mg and achieving a purification fold of

40.60. Dialysis further removed residual salts, raising the

specific activity to 5.27 U/mg. This was followed by anion

exchange chromatography, which enriched the enzyme frac-

tion to a specific activity of 15.56 U/mg. Final purification

using gel filtration chromatography increased the specific

activity to 18.83 U/mg, culminating in a 188.54-fold purifi-

cation.

Table 1. Stepwise Purification Profile of the Amylase Enzyme.

Purification Step Total Protein (mg) Total Activity (U) Specific Activity (U/mg) Yield (%) Purification Fold

Crude Extract 345,670 34,523 0.10 100 1

Ammonium Sulfate Precip. 7,745 31,405 4.05 0.02 40.60

Dialysis 5,402 28,452 5.27 0.02 52.74

Mono-QAnion Exchange 1,436 22,341 15.56 0.0042 155.78

Superdex 75 Gel Filtration 1,075 20,242 18.83 0.0031 188.54

Purifying amylase prior to immobilization is essential

for achieving high immobilization efficiency, catalytic per-

formance, and long-term reusability of the biocatalyst. Crude

enzyme extracts often contain a mixture of interfering pro-

teins, nucleic acids, lipids, phenolic compounds, and other

secondary metabolites, which can nonspecifically adsorb to

the immobilization matrix [37–39]. These impurities may alter

the binding efficiency or occupy functional groups on the

support surface, reducing the number of accessible sites for

the target enzyme [40–42]. Moreover, proteolytic enzymes in

the crude extract can degrade the immobilized enzyme over

time, negatively impacting reusability and storage stabil-

ity [43–45]. From a structural biology perspective, enzyme im-

mobilization depends on the availability and reactivity of sur-

face residues such as lysines, carboxyl groups, and hydroxyl

groups. The presence of contaminating proteins or polymers

can sterically hinder or mask these reactive groups, leading

to random orientation or weak binding, which ultimately de-

creases catalytic efficiency [46–49]. A purified enzyme allows

for a controlled and predictable interaction with the support

matrix, ensuring reproducible activity profiles and higher re-

covery of functional enzyme post-immobilization [37, 38, 50–53].

In addition, impurities may cause diffusional limitations in

porous support materials, block active sites, or contribute
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to non-productive binding, all of which lower the apparent

activity of the immobilized enzyme. Purified enzymes show

better mass transfer properties and substrate accessibility

due to uniform binding orientation and minimal steric inter-

ference [54, 55]. Furthermore, immobilization onto activated

carbons or charged surfaces relies on electrostatic and hy-

drophobic interactions; these interactions are highly sensitive

to protein composition and purity [56].

Therefore, purification not only maximizes the perfor-

mance of the immobilized enzyme system but also aligns

with industrial and regulatory standards for enzyme-based

bioprocesses, particularly in the food, pharmaceutical, and

biofuel sectors where product purity and enzyme reuse are

critical.

3.3. Effect of Carbonization Temperature and

ZnCl2 Activation on Amylase Immobiliza-

tion Efficiency

Carbonization temperature is a critical factor influenc-

ing the development of pore structure and the adsorption

performance of carbon materials [57].

Table 2. Residual amylase concentration (%) measured at 280

nm in the supernatant after immobilization using non-activated

and ZnCl2-activated macadamia nutshell-derived carbon at various

carbonization temperatures.

Carbonization

Temperature

(°C)

Residual Amylase Activated (%) in Supernatant

Non-Activated Activated

600 67 36

700 19 0

800 76 18

As shown in Table 2, carbonization at 700 °C resulted

in the highest amylase adsorption capacity, attributed to the

formation of an optimal porous architecture. The influence

of chemical activation using ZnCl2 was also evaluated. It

has been reported that, for enzyme immobilization to be ef-

fective, the carbon-based support material must first undergo

activation to enhance essential surface properties particularly

surface area, porosity, and the density of functional groups

capable of interacting with enzymes. This activation pro-

cess, which can be carried out through chemical or physical

methods, introduces reactive groups, such as carboxyl, hy-

droxyl, or amino functionalities, onto the carbon surface.

These groups facilitate the formation of covalent bonds or

strong non-covalent interactions between the enzyme and the

support, thereby improving both immobilization efficiency

and enzyme stability [56, 58–61].

Activated and functionalized carbon has demonstrated

the ability to increase enzyme loading capacity to over 99%,

while preserving enzymatic activity close to its native state.

Moreover, it significantly extends the operational stability

of the enzyme during repeated use cycles [56, 58, 61]. When

further functionalized with crosslinking agents such as glu-

taraldehyde or with metal ions, the carbon support can pro-

vide more specific and stable attachment sites for enzymes,

thereby reducing the likelihood of enzyme leaching through-

out the process [56, 59, 61].

The results demonstrated that carbon activation

markedly enhances enzyme immobilization. Across all tested

carbonization temperatures (600 °C, 700 °C, and 800 °C),

ZnCl2-activated carbon consistently exhibited superior ad-

sorption efficiency compared to its non-activated counter-

part. At 600 °C, the residual amylase concentration was 67%

for non-activated carbon and decreased to 36% for ZnCl2-

activated carbon. The extent of carbonization in carbon-

based support materials, such as activated carbon or carbon

nanotubes, plays a crucial role in determining their suitabil-

ity for enzyme immobilization. Low carbonization levels

typically result in a limited number of adsorption sites, re-

duced surface area, and a lower density of functional groups.

These factors diminish the material’s capacity to effectively

bind enzymes during immobilization, leading to poor en-

zyme loading and weak interaction between the enzyme and

support [56, 62]. Consequently, insufficiently carbonized ma-

terials often yield biocatalyst systems with lower efficiency

and stability. Optimizing the carbonization process is there-

fore essential to enhance the structural and chemical proper-

ties of the support and to improve enzyme immobilization

performance [56, 62]. Notably, at 700 °C, non-activated car-

bon retained 19% of the amylase, while no residual amylase

was detected in the solution with activated carbon, indicat-

ing complete adsorption and highly efficient immobilization

under these conditions. This finding highlights 700 °C car-

bonization combined with ZnCl2 activation as the optimal

condition for enzyme immobilization.

However, further increasing the carbonization temper-

ature to 800 °C led to a noticeable decline in adsorption effi-

ciency, as indicated by the elevated residual amylase concen-

trations, 76% for non-activated carbon and 18% for ZnCl2-
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activated carbon. This reduction in performance is likely due

to thermal degradation of the carbon structure, which may

involve pore collapse or a loss of surface functional groups

essential for enzyme attachment. Consistent with these find-

ings, several studies have reported that while increasing the

carbonization temperature can enhance the adsorption effi-

ciency of carbon materials, this improvement occurs only

up to an optimal temperature. Beyond this threshold, exces-

sively high temperatures can induce structural deterioration,

compromising the material’s adsorption capacity. Studies on

materials such as graphene oxide and biochar have demon-

strated that extreme temperatures can cause surface deforma-

tion of the support and enzyme denaturation, resulting in a

significant decline in adsorption capacity [63, 64]. In addition,

high temperatures may accelerate enzyme desorption from

the support due to weakened physical or chemical interac-

tions between the enzyme and the material [65]. Research has

shown that carbonization within the range of 500 °C to 1000

°C, depending on the precursor biomass, typically yields

carbon with high surface area and well-developed porosity,

both of which are critical for effective adsorption [57, 66–68].

In contrast, carbonization at temperatures exceeding this op-

timal range, such as 1200 °C, has been shown to cause pore

shrinkage or collapse and a significant reduction in surface

functional groups, ultimately leading to diminished adsorp-

tion efficiency [57, 66, 68]. These observations emphasize the

importance of optimizing carbonization temperature to bal-

ance structural integrity and functional group availability for

effective biomolecule immobilization.

Overall, these results confirm that ZnCl2 activation,

particularly when applied to macadamia nutshell carbonized

at 700 °C significantly enhances the material’s capacity for

amylase immobilization. This indicates that, with proper

thermal and chemical treatment, macadamia nutshell-derived

carbon serves as a promising, sustainable support matrix for

enzyme immobilization applications.

3.4. Reusability of Immobilized Amylase

Current literature shows no studies on usingmacadamia

nutshell biomass as a matrix for amylase immobilization or

its reusability. While supports like lignin, chitosan, banana

peel cellulose, and gellan hydrogels show high reuse poten-

tial (up to 11–12 cycles), nutshells remain unexplored [69–72].

Synthetic materials such as nanoparticles and polymer com-

posites have been studied [69, 71, 73–75], but lignocellulosic

hard-shell biomass like macadamia, despite its strength,

stability, and abundance, has not been utilized. This gap

presents a promising direction for developing low-cost, sus-

tainable biocatalyst supports.

The reusability of immobilized enzymes plays a pivotal

role in determining their suitability for industrial applications,

especially in processes involving multiple cycles of catalysis.

In this work, the catalytic stability of amylase immobilized on

ZnCl2-activated carbon derived from macadamia nutshells

was investigated over five successive hydrolysis cycles. The

carbon supports were prepared by carbonizing the biomass

at three different temperatures: 600 °C, 700 °C, and 800 °C,

to assess how thermal treatment affects support durability

and enzyme retention. Enzyme activity was measured after

each cycle to evaluate performance changes over time. The

data, summarized in Table 3, show enzyme activity (U/mL)

for each reuse cycle, while Figure 2 illustrates the residual

enzyme activity expressed as a percentage of the initial ac-

tivity, facilitating a clear comparison of the immobilization

efficiency across treatments.

Table 3. Activity (U/mL) of immobilized amylase on activated

carbon prepared at different carbonization temperatures (°C).

Cycle

Activity (U/ml) of Immobilized Amylase at Carbonized

Different Temperature (°C)

600 700 800

1 0.53 0.71 0.52

2 0.38 0.49 0.40

3 0.24 0.31 0.00

4 0.07 0.23 0.00

5 0.08 0.21 0.00

Figure 2. Residual amylase activity (%) over reuse cycles. The

optimum carbonized support (700 °C) retained 85.9% activity in

Cycle 2, followed by 55.3%, 40.0%, and 37.6% in Cycles 3–5.

In the first cycle, all immobilized enzyme systems

demonstrated full activity (100%), indicating successful im-

mobilization and initial compatibility of the enzyme with all
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three support types. However, distinct performance trends

emerged over the subsequent cycles. The carbon support

carbonized at 700 °C showed superior reusability, retaining

85.9% of its initial activity in Cycle 2, followed by 55.3%,

40.0%, and 37.6% in Cycles 3 to 5, respectively. This pro-

gressive decline suggests that while some enzyme leaching

or conformational instability may occur, the carbon matrix

carbonized at this temperature maintains adequate structural

integrity and functional surface chemistry to stabilize the en-

zyme over multiple uses. The relatively high retention even

after five cycles highlights the favorable porous architec-

ture and appropriate balance of hydrophilic and hydrophobic

interactions afforded by the 700 °C treatment.

By contrast, the 600 °C carbon support, although per-

forming well in Cycle 1, showed a sharper decline with

only 71.5% activity remaining in Cycle 2, dropping further

to 45.6% in Cycle 3, and eventually reaching 12.7% and

15.8% in Cycles 4 and 5, respectively. Carbonization at

insufficient or low temperatures tends to produce carbon

with poorly developed porosity and limited surface func-

tionality, which negatively impacts its ability to effectively

immobilize enzymes [56, 58, 76]. Such materials offer weaker

interactions between the enzyme and the support and pro-

vide minimal structural protection against denaturing envi-

ronmental factors. Consequently, enzymes immobilized on

low-temperature carbonized supports often exhibit poor sta-

bility, with a high tendency to leach or lose activity during

repeated usage [58, 76]. The significant reduction in enzymatic

activity across multiple cycles suggests rapid deterioration

of the immobilization matrix, likely due to inadequate me-

chanical and chemical stability resulting from insufficient

carbonization [56, 58, 76]. In contrast, carbon supports with

well-formed pore architecture and effective surface activa-

tion have been shown to improve enzyme retention, main-

tain catalytic function, and support long-term operational

use [56, 58]. Therefore, suboptimal carbonization conditions

not only limit the adsorption and binding capacity of the

material but also compromise the functional longevity of

immobilized enzyme systems [56, 58, 76].

The immobilized enzyme on carbon prepared at 800 °C

initially retained 78.1% of its activity in Cycle 2 but exhibited

a complete loss of detectable activity in Cycles 3 through

5. This steep decline suggests that over-carbonization may

have caused excessive pore collapse or volatilization of func-

tional groups necessary for enzyme anchoring. The highly

graphitized and possibly hydrophobic nature of the support

at this temperature may have led to poor enzyme adhesion,

structural instability, and increased enzyme leaching or inac-

tivation. The lack of reusability beyond two cycles renders

this treatment unsuitable for industrial applications requiring

consistent enzyme performance over multiple batches.

These results collectively demonstrate that the physico-

chemical properties of activated carbon, strongly influenced

by the carbonization temperature, play a critical role in de-

termining the immobilized enzyme’s operational stability.

Carbonization at 700 °C appears to offer an optimal com-

promise between adequate porosity and surface chemistry

for durable enzyme immobilization. This thermal treatment

enables a sufficient surface area and pore volume to accom-

modate enzyme molecules while preserving enough polar

functional groups to facilitate covalent or non-covalent inter-

actions that enhance enzyme retention. Furthermore, ZnCl2

activation enhances microporosity and provides additional

binding sites, further supporting the enzyme structure during

repeated catalysis cycles.

4. Conclusion

This study highlights the comprehensive valorization

of macadamia nutshells (Macadamia integrifolia), a ligno-

cellulosic agricultural waste, as a sustainable resource for

biocatalyst development. Through solid-state fermentation

using Aspergillus niger, the nutshells served as an effective

substrate for amylase production, achieving optimal enzyme

activity within 72 hours. Simultaneously, the same biomass

was transformed into activated carbon supports through con-

trolled carbonization (600 °C, 700 °C, and 800 °C), followed

by ZnCl2 chemical activation. Among the tested conditions,

activated carbon derived at 700 °C exhibited the most favor-

able characteristics enhanced porosity, abundant functional

groups, and structural integrity, resulting in themost effective

enzyme immobilization. Amylase immobilized on this sup-

port retained over 30% of its initial activity after five catalytic

cycles, indicating notable operational stability and reusabil-

ity. Importantly, this dual-purpose application of macadamia

nutshells not only demonstrates their effectiveness in sup-

porting enzyme biosynthesis but also establishes their utility

as precursors for high-performance immobilization matrices.
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This integrated approach reflects a sustainable “biowaste-to-

biocatalyst” strategy, aligning with circular bioeconomy prin-

ciples by converting agricultural residues into value-added

products for industrial biotechnology. Moreover, the success

of this system with amylase suggests potential applicability

for other industrial enzymes, paving the way for broader

bioprocessing applications. Future research should focus on

scaling this approach, optimizing immobilization conditions

for various enzymes, and evaluating long-term performance

in continuous systems to fully realize its industrial potential.
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