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Preface

Over the past editions, ICoST has grown into a dynamic platform that brings academics,
scientists and industry practitioners to share and explore emerging frontiers within the broad and
rapidly evolving fields in Separation Technology. This year, the 5th International Conference on
Separation Technology (ICoST) is held in Putrajaya, Malaysia from 27-28 September 2025.
The conference offers a unique convergence of inspiring plenary and keynote speeches, in-depth
discussions on current research and professional networking, designed to foster collaboration
and innovation. With the conference theme, ‘Exploring Frontiers in Separation and
Purification’, the 2025 edition continues this mission by showcasing cutting-edge contributions
across Advanced Separation Technology, Environmental Engineering and Advanced Material
Engineering tracks. By bringing together multidisciplinary perspectives, the conference aims to
catalyze new insights and accelerate the translation of research into impactful technologies.

This conference sought to address the global challenges by fostering interdisciplinary
collaboration and promoting solutions that are innovative and sustainable. The compilation of
papers in the proceedings showcase the recent breakthroughs, novel methodologies and
transformative ideas that collectively push the boundaries of separation and purification
technology. The papers reflect the diversity and depth of the discussions held throughout the
event, highlighting new advances in separation and purification technologies.

We extend our sincere appreciation to all authors for their high-quality submissions, the
reviewers for their rigorous evaluation and constructive feedback and the organizing committee
for their unwavering commitment in ensuring a successful conference. We also express our
gratitude to our sponsors and participants whose contributions enriched the intellectual discourse
of this event. We hope that this volume will serve as a valuable reference to inspire knowledge
explorations and collaborations across disciplines. May the knowledge shared at ICoST 2025
continue to drive scientific advancements and contribute meaningfully to a sustainable future.
Thank you.

Editors,
Muhammad Abbas Ahmad Zaini
Syed Anuar Faua’ad Syed Muhammad
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Application of Response Surface Methodology in Optimizing Thiourea
Leaching for Metal Extraction from E-Waste

Norul Fatiha Mohamed NOAH"2, Norasikin OTHMAN"20",
Izzat Naim Shamsul KAHAR'"2¢ Sazmin Sufi SULIMAN'-,
Shuhada Atika IDRUS-SAIDI'29" Aishah ROSLI|'2¢

"Faculty of Chemical and Energy Engineering, Universiti Teknologi Malaysia, 81310 Skudai,
Johor, Malaysia

2Centre of Lipids Engineering and Applied Research (CLEAR), Ibnu Sina Institute for Scientific
and Industrial Research, Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia

anorulfatiha.mn@gmail.com, Pnorasikin@cheme.utm.my, izzatnaim.sk@utm.my,
dsazmin5821@gmail.com, ¢shuhada.atika@utm.my, faishahrosli@utm.my

Keywords: Leaching, Gold Recovery, Thiourea Leachate, Waste Printed Circuit Boards,
Electronic Waste, Box-Behnken Design

Abstract. Electronic waste (e-waste) is an escalating environmental concern that poses significant
risks to human health and ecosystems. Despite its hazardous nature, e-waste is rich in valuable
metals, particularly gold (Au), which has a high economic value and is experiencing a rising
market price trend. Consequently, Au recovery from e-waste is crucial for long-term
environmental sustainability as well as economic feasibility. This work describes a less harmful
thiourea leachate method for removing gold from used printed circuit boards (PCBs). The study
looks at a number of variables, such as the concentration of thiourea, the concentration of acid,
and oxidizing agents, that affect how effective the leaching process is. To improve Au recovery,
Box-Behnken design and Response Surface Methodology (RSM) are used to optimize these
parameters. The maximum predicted Au extraction performance was found to be 2.81ppm,
achieved at specific conditions of 57.971 mL H202, 0.502M thiourea, and 1.006M H2SOa. The
observed extraction value closely matched this prediction at 2.87ppm, indicating a deviation of
less than 5%. The results highlight thiourea as the most significant variable influencing Au
recovery, with the interaction between thiourea and H>SOs playing a critical role in the leaching
process. Also, the separation factors () indicate that Au can be efficiently separated from other
metals, particularly copper and aluminium, with high separation factors of 31.10 and 18.59,
respectively.

Introduction

Gold is a precious metal with a bright yellow color that has been used for jewelry, currency, and
electronic devices such as computers, laptops, cell phones, audio devices, etc. Unfortunately, the
natural ores of Au are becoming depleted, and the extraction methods of Au from natural ores are
inefficient and environmentally hazardous. Over 6800 tons of Au (16 % of the world reserves) are
part of e-waste, 25-250 times more than the global average of the primary Au mine deposits (1—
10 g/ton) [1]. Waste printed circuit boards (WPCBs) have a high concentration of Au and should
be viewed as a valuable secondary source of Au [2]. Therefore, recovering Au from e-waste is
crucial for its economic value and sustainability, as Au in e-waste can exceed that in primary Au
deposits by several folds. Hydrometallurgy is extensively used in the downstream separation and
refining of pyrometallurgical products due to its high selectivity, low environmental impact, and
low energy consumption [3]. In the first step of hydrometallurgical processing, metals are extracted
from their solid matrix by leaching using either acidic or alkaline solutions. Several compounds,

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

1
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including cyanides, halides, thiourea, and thiosulfates are available for this step. However, this
process uses harmful reagents for instance cyanidation and aqua regia leaching. It is a dangerous
process with a negative impact on the environment, the operation cost is high and requires careful
handling and disposal [4]. In contrast, the use of mild acidic leaching such as acidic thiourea has
been shown to be an efficient and environmentally friendly method for the extraction of Au from
e-waste [5]. To oxidize native Au in e-waste, different oxidants, such as sodium peroxide,
hydrogen peroxide, ferric ion, manganese dioxide, and dichromate have been added [6]. Among
the oxidants studied, the addition of ferric ions to thiourea has been shown to be the most effective
[7]. However, the resulting leaching solution often contains multiple metals, which makes the
recovery of individual metals challenging. Therefore, there is a need for a novel technique to
extract Au from e-waste leached solution.

In general, the concentration of Au in the leaching solution is much lower than that of other co-
leached metals such as Cu, effective process optimization is crucial [8]. Thus, different approaches
have been conducted for the recovery of Au from e-waste. Some of these studies have focused on
chemical systems or process optimization for Au leaching leaching [5,9]. Others have developed
separation/purification techniques, including adsorption, for the efficient separation of Au from
various leaching solutions [10,11]. However, these studies are often fragmented or non-linked,
leading to the lack of an overall picture of Au recovery from e-waste, which requires future focus.
Response surface methodology (RSM) provides a statistical tool to study variable interactions and
identify optimum operating conditions in multivariable systems [12]. In this study, a Box—Behnken
design (BBD) with RSM was applied to optimize thiourea leaching of metals from WPCBs. The
oxidizing agent, leachate, and acid concentration were selected as key variables because they
represent the fundamental components of thiourea leaching chemistry: the oxidant promotes metal
oxidation and dissolution, thiourea acts as the primary lixiviant, and acid concentration controls
solution stability and reactivity. Although the leaching behavior of multiple metals was evaluated,
the optimization was performed with respect to Au due to its higher economic value and critical
importance in e-waste recycling.

This work also serves as a preliminary study towards developing a liquid—liquid extraction
(LLE) process for selective metal separation, as optimizing the leaching step is essential for
producing suitable feed solutions for downstream solvent extraction. After obtaining the optimum
Au leaching conditions, the separation factors between Au and co-leached metals will also be
compared to assess selectivity. The novelty of this work lies in applying RSM for systematic
optimization of thiourea leaching, while at the same time establishing the groundwork for selective
separation and sustainable recovery of valuable metals from e-waste.

Methodology

E-waste in the form of Au-based WPCBs (mobile phone) used in this work was procured from
MEP Enviro Technology Sdn Bhd (MEPSB) in Penang, Malaysia. Nitric acid (HNOs3, 65% purity)
hydrochloric acid (HCI, 37% purity), and Sulfuric acid (98 % pure) were purchased from Merck.
Thiourea as a leachate and hydrogen peroxide (H20O) as an oxidant was obtained from Sigma
Aldrich. All the chemicals used is analytical reagent grade.

Prior to the leaching process, the WPCB samples were pre-processed by cutting them into
pieces of approximately 1.0 x 1.0 cm? for initial size reduction. The cut pieces were mechanically
crushed using a mill cutter (Retsch, Germany) for further comminution and then fractionated to a
size less than 500 pum using a sieve machine. The WPCB samples were characterized by aqua regia
digestion to determine the amount of metals in the sample and inductively coupled plasma-optical
emission spectroscopy (ICP-OES) (PerkinElmer, USA) was used for chemical analysis. 5 g of
comminute WPCBs was digested with hot aqua regia which is the combination of these acids
(HNO3:3HCI). The digestion was performed at 80 °C under magnetic stirring (300 rpm) with the
solid/liquid (S/L) ratio of 1:10 (g/ml) and the digestion time was approximately 120 min. The
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digested fraction was filtered, and the leachate was diluted using the same method as suggested by
Hubau et al. [14].

Thiourea was used to leach out the metals from the WPCBs sample. In this study, the batch
leaching tests of comminuted WPCBs were carried out in a 500 ml jacketed glass reactor equipped
with a thermometer and mechanical agitator (300 rpm) as in Fig. 1. The leaching condition is 1/10
solid/liquid ratio, 40°C temperature, 180 minutes leaching time and 373 rpm stirring speed. The
required amount of WPCBs sample was added to the reactors after the leaching solution reached
the desired temperature. Also, a circulating water bath was used to maintain the desired
temperature throughout the experiments, and the reactors were covered with lids during the
leaching process. The leachate was filtered (Whatman 41 filter paper) and was diluted with
distilled water before Au and other metals concentration was analyzed by ICP-OES. The
parameters studied by the previous work such as such as agitation speed, leaching time, acid
concentration, and temperature were optimized using response surface methodology (RSM).
Through RSM method, box behnken design was used. Metals extraction was calculated using Eq.
1, whereas the separation factor (B) of Au over other metals was calculated as in Eq. 2 considering
the metal concentration in the leaching process and aqua regia digestion [17].

) __ Auleached per gram of WPCBs

Au Leached (% x 100 (1)

Total Auper gram of WPCBs

Boau = A )

metal Dmetal

Where [ au indicates the separation factor between Au and each metal while Dy, and Dyerq;

metal

represent the distribution ratio of each metal respectively.

Circulation
Water outlet
-

Jacketed vessel

Product outlet

Figure 1 Au extraction via acidic thiourea leaching process.

The Box Behnken Design (BBD) in the software Design Expert 13 was used for analysis.
Variables such as H>O2 (A), Thiourea (B) and H>SO4 (C) were employed in the design. The symbol
Y basically represent the response of the experimental design which is the leaching value (%). In
the study, a total of 15 experiments were carried out randomly throughout the process. Symbols of
the variables and values range of their three coded levels are presented in Table 1.

Table 1 Symbols, coded levels and values of experimental independent variables.

Factors Symbols Level

Min (-1) Max (+1)
Hydrogen peroxide (H,O,) (mL) A 20 60
Thiourea (M) B 0.5 1.5
H,SO4 (M) C 1 3

Materials Research Forum LLC
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ANOVA was performed using Design-Expert. A significance level of p < 0.05 was applied to
evaluate the effects of the variables on extraction efficiency. Statistical validation was estimated
by comparing the F-calculated and the F-tabulated. Meanwhile, the significant effects of the
variables on the Au extraction were studied by observing contour plot.

Results and Discussion

Optimization of Au leached using RSM method

The effect of independent variables which are H>O> (A), Thiourea (B) and H2SO4 (C) on the
response variable that is Au extraction was identified using the Box-Behnken design in RSM. The
obtained results in Table 2 were then subjected to the response surface methodology (RSM) to
evaluate the relationship between the parameters. Each effect was estimated independently due to
the orthogonality of the design.

Table 2 Box—Behnken design for the effects on Au leaching.

Factor 1 Factor 2 Factor 3 Response
Run A:H;O,(mL) B:Thiourea (M) C:H,SO4 (M) Leaching Au (ppm)
1 60 1 3 1.45
2 60 1.5 2 0.87
3 40 1 2 0.55
4 40 1 2 1.23
5 60 0.5 2 1.44
6 40 0.5 3 0.35
7 20 0.5 2 1.84
8 20 1.5 2 0.70
9 40 1.5 1 0.49
10 60 1 1 2.44
11 40 0.5 1 2.14
12 40 1 2 1.12
13 20 1 3 1.97
14 20 1 1 1.58
15 40 1.5 3 1.37

The determination coefficient (R?) of the model is value of 0.9166 indicates that about 91.66%
of the variability in the response variable can be explained by the model. Table 3 presents the
analysis of variance (ANOVA), which further confirms the model's significance.

Table 3 ANOVA for Quadratic model.

Source df Mean Square F-value p-value Remark
Model 9 0.5677 6.11 0.0302 significant
A-H>0, 1 0.0015 0.0163 0.9035
B-THIOUREA 1 0.6845 7.36 0.0421
C-H,S04 1 0.2850 3.07 0.1404
AB 1 0.0812 0.8736 0.3929
AC 1 0.4761 5.12 0.0731
BC 1 1.78 19.17 0.0072
A? 1 0.9572 10.30 0.0238
B2 1 0.2560 2.75 0.1579
C? 1 0.5449 5.86 0.0601
Residual 5 0.0930
Lack of Fit 3 0.0661 0.4964 0.7212 not significant
Pure Error 2 0.1332
Cor Total 14
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According to the analysis, the computed F-value (6.11) surpasses the tabulated F-value
(Fo,5=4.77) demonstrating the significance of the model and strong agreement between the model
and experimental data. Besides, the p-value of this model is 0.0302 indicating there is only a 3.02%
chance that an F-value this large could occur due to noise and its statistically significant. This is
in agreement with Zhao et al. [15] who indicates that the models are considered significant if their
p-values are less than 0.05 (p<0.05). In this case B, BC, A? are significant model terms. Values
greater than 0.1000 indicate the model terms are not significant. If there are many insignificant
model terms, model reduction may improve the model. The Lack of Fit F-value of 0.50 implies
the Lack of Fit is not significant relative to the pure error. There is a 72.12% chance that a Lack
of Fit F-value this large could occur due to noise. Non-significant lack of fit is good because it
indicates that the model fits well. Based on the RSM analysis, the relationship between Au
extraction and the three parameters in the actual form is represented in Eq. 3.

Y (%) = 6.28167 + —0.08089584 + —1.71833B — 2.37042C + 0.01425AB —
0.01725AC + 1.335BC + 0.00127292A4% + —1.05333B 2 + 0.384167C*> (3)

The quadratic regression equation in terms of actual factors can be used to make predictions
about the response for given levels of each factor. Here, the levels should be specified in the
original units for each factor.

Effect of variables interaction on response

The effects of variables interaction on the response were discussed in detail. The interactions
between the variables on the response are shown in Fig. 2. The thiourea concentration provides a
significant effect on amount of the leached of Au. The result shows that when the thiourea
concentration increases from 0.5 to 1.5 M, the leached of Au decreases. This is because at higher
thiourea concentrations, the thiourea can start reacting with the oxidant itself, reducing the amount
available for Au leaching. This competition for oxidant reduces the effectiveness of the leaching
process that in agreement with Li et al. [16]. Thus, 0.502 M of thiourea concentration was selected
to ensure the high extraction of Au. Fig. 2(a) shows the interaction between H>0- and thiourea.
Although the circular contour plot shows no significant interaction between the variables, the
amount of Au leached was still considered in the analysis. The presence of H.O: as an oxidizing
agent remains critical for the leaching process. It’s important to maintain H.O. within a specific
concentration range to avoid thiourea degradation and ensure that enough oxidizing power is
available for effective Au dissolution. The non-significant interaction between H-O: and thiourea
in the contour plot could suggest that H>O- concentration alone does not strongly influence thiourea
behaviour or the Au leaching efficiency under the conditions tested. While H>O: and thiourea may
not show a significant interaction in this plot, their combined effects could be more strongly
influenced by the presence of other factors like H2SO..
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Figure 2 Response surface plots for (a) Thiourea and H20:, (b) H>SO4 and H20:, (c) Thiourea
and H>SOq.

The interaction of H>SO4 and H>O» is illustrated in Fig. 2(b). The circular contour plot indicates
no significant interaction between the variables. Although sulfuric acid (H2SO4) and hydrogen
peroxide (H202) play critical roles in the Au leaching process, the non-significant effect observed
between them in the plot suggests that their direct interaction might not substantially impact the
outcome under the tested conditions. One possible explanation is that both reagents act
independently in the leaching mechanism, with H.SO4 primarily providing an acidic environment
[17] and H20: serving as an oxidant [18]. This lack of significant interaction may indicate that
their individual effects are sufficient for maintaining the necessary reaction conditions, but any
combined or synergistic impact may be overshadowed by other dominant factors, such as the
thiourea concentration or the leaching time . Additionally, the efficiency of H>O. may already be
maximized at the given H.SOa concentrations, limiting any observable interaction between the
two. Fig. 2(c) illustrates the interaction between H2SO4 and thiourea. The contour plot indicates
that lower concentrations of both H.SO4 and thiourea lead to better Au leaching. This suggests a
synergistic relationship between these two variables. Thiourea becomes much stable by
protonation in the presence of H>SO4 making it a favourable leached agent in Au extraction. This
protonation process results in the formation of a positively charged thiourea molecule which
facilitates the effective leaching of Au [19]. Aside from that, higher concentrations of either could
lead to suboptimal conditions, as both reagents have a delicate balance in the leaching
environment.

It is worth noting that the contour plots obtained in this study did not form perfect ellipses. In
RSM, elliptical contour plots are generally expected when quadratic and interaction effects are
balanced. However, in this case, the quadratic effect of thiourea concentration was dominant and
strongly negative, while the quadratic contributions of H.O. and H>SOs were relatively small.
Similarly, the interaction between H>SO. and thiourea was far stronger than the interactions
involving H-O:. This imbalance distorted the symmetry of the response surface, leading to circular
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or irregular contours rather than closed ellipses. Although the plots deviate from the ideal elliptical
shape, they still accurately reflect the leaching response by showing that H.SO4 has a more
pronounced synergistic effect with thiourea, making these the main controlling variables. This
observation also explains the lack of a significant interaction between H20O- and either H>SO4 or
thiourea.

The optimization of response via design expert was based on the second order polynomial
model. The optimum condition for Au extraction is at the maximum point of 57.971mL H>0O,,
0.502M Thiourea and 1.006M H>SO4. Under the optimum condition, 2.81 ppm of Au extraction
is predicted. An experiment was carried out using the estimated optimum condition for the Au
extraction and the result shows that 2.87 ppm of Au was extracted with less than 5% deviation
from the predicted value, indicating the experimental data as in good agreement with the predicted
values. This is consistent with the acceptable error range reported in similar RSM studies [20]. The
results also indicate that RSM is capable of optimizing the extraction of Au.

Dissolution of metals in thiourea leaching solution

The dissolution of metals in the thiourea leaching solution is presented in Table 4. Meanwhile
aqua regia analysis shows Au at 3.84 ppm in the WPCBs, along with other metals such as Cu
45,000 ppm, Al 6,240 ppm, Ni 320 ppm, and Fe 183.5 ppm. It is noteworthy that thiourea is not
stable and easy to decompose in alkaline solution therefore the reaction should occur in acidic
solutions. Meanwhile, for base metals, the percentage of leached Cu, Al, Ni, and Fe was 8%, 13%,
26% and 19%, respectively. Meanwhile, the leaching efficiency of the precious metals Au is 74%,
which is higher than that of base metals when dissolved in the thiourea solution under optimized
conditions. On the other hand, a significantly higher distribution ratio (2.81) was observed for Au
compared to the other metals. This indicates that a much higher fraction of Au present in the
WPCBs is leached into the solution. Additionally, the separation factor (B) of Au over other metals
was investigated to determine how well Au can be separated from each metal in the leaching
process. Higher values of B imply better separation. Au is most easily separated from copper (f =
31.10) and least easily separated from nickel (B = 7.94).

Table 4 Dissolution of metals in thiourea leaching solution.

Element % Leaching Distribution ratio, D Separation factor () of Au
Cu 8 0.09 31.10
Al 13 0.15 18.59
Fe 19 0.24 11.87
Ni 26 0.35 7.94
Au 74 2.81 NA
Conclusion

The optimization using the RSM was applied for studying the Au extraction performance. The
maximum predicted value of the extraction performance of Au was 2.81 ppm at 57.971mL H,0O,,
0.502M Thiourea and 1.006M H2SO4 and the observed value was 2.87 ppm. The experimental
values agreed well with the predicted values, with <5% deviation, similar to error ranges reported
for comparable RSM methods. Thiourea is demonstrated to be the most significant variables. The
interaction between thiourea and H»SO4 plays an important role in the extraction process.
Additionally, the separation factors show that Au can be efficiently separated from other metals,
especially copper (B=31.10) and aluminum (B=18.59), due to the high separation factors. This study
therefore highlights the novelty of applying RSM for optimizing thiourea leaching and establishes
a foundation for selective recovery strategies such as liquid-liquid extraction.
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Abstract. The growing demand for renewable energy has increased interest in bio-oil production
from microalgae biomass using hydrothermal liquefaction (HTL). However, limited research has
focused on the utilization of defatted microalgae biomass (DMB), the residual biomass remaining
after lipid extraction. Therefore, this study investigated the effect of varying operating conditions
on the conversion of DMB derived from Chlorella sp. into bio-oil via HTL. Experiments were
conducted at reaction temperatures ranging from 210-270 °C and reaction times between 30 and
90 min. The resulting bio-oils contained a range of compounds, including aliphatic acids, amines,
amides, pyrazine, pyridine, and phenolic compounds. The highest yields of desirable aliphatic
acids were obtained at 250-260 °C and 45 min, indicating these as optimal conditions for
maximizing fuel-relevant components. While higher temperatures and longer reaction times
promoted the formation of nitrogenous and aromatic compounds, they also introduced instability
in the product composition. Hence, this work highlights the importance of optimizing HTL
parameters to enhance bio-oil recovery from DMB.

Introduction

Global energy demand has increased over the years due to commercial and industrialization, as
well as rapid population growth, along with limited fuel resources and the rise of environmental
issues caused by the heightened combustion of fossil fuels. This has led to the exploration of
renewable and sustainable resources to augment the depleting fossil reserves as alternative energy
sources [1]. In response, energy derived from biomass (biofuel) is placed forward as an attractive
alternative owing to its fuel quality parameters compared to fossil-based fuels, with a lower
combustion profile and CO> emission [2]. However, the issue linked to the negative impact on
global food security and environmental pollution caused by over-utilization of fertilizer and
pesticide in cultivating food and oil crops (first-generation feedstocks), has desalted the interest in
using them as feedstock for biofuel production. Second generation feedstock, also known as the
non-edible crops such as forest, agricultural residues and waste oils, are used in producing biofuel,
however, low product yield and incomplete reaction under certain conditions, especially for large,
prompted their broader adoption [1,3]. Consequently, the third-generation feedstock (microalgae)
became widely explored owing to their higher oil yield compared to that obtained using other
feedstocks [4]. At the moment, many studies have been focused on extracting high-value chemicals

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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and energy-dense lipids from microalgae for biofuel production, leaving behind a large amount of
residual biomass after the lipid extraction, which is known as DMB [5]. These recovered residues
(DMB) contain significant amounts of organic material, including proteins and carbohydrates,
which can be utilized as animal feed and fertilizer or fermented for ethanol production [6]. Rather
than disposed-off, these leftover residues can be processed via thermochemical conversion routes
to generate valuable products like bio-oil, a process considered socially sustainable. Among
different thermochemical methods, HTL was considered cheap, fast, and easy to operate compared
to hydrothermal gasification, hydrothermal carbonization, and pyrolysis. Additionally, this is more
favored due to its capability of converting wet microalgae biomass with high moisture content into
bio-oil. Typically, HTL operates at moderately high temperatures between 280-370 °C and
pressures within 5-25 MPa with the presence of water as the reaction medium [7], DMB feedstock
from Chlorella sp. microalgae using solvent-based extraction, and to determine the effect of
different operating conditions on the conversion of defatted microalgae biomass into bio-oil
through HTL.

Materials and Methods
The sample Chlorella sp. microalgae powder was purchased from a local store along with other
high-purity grade chemicals like chloroform, methanol, and dichloromethane.

About 50 g of Chlorella sp. microalgae powder was weighed and transferred into a 500 mL
conical flask, then mixed with 200 mL of methanol. The mixture was left to soak overnight.
Afterward, excess methanol was removed by filtration. The biomass was subsequently extracted
with 300 mL of a methanol-chloroform mixture (2:1, v/v) under continuous stirring at 1000 rpm
for 30 min at room temperature. The resulting mixture was filtered to remove residual solvents,
and the extract was dried in an oven at 100 °C for 24 h [8].

About 40 g of dried DMB was mixed with 160 mL of deionized water to form a microalgae
slurry with 80 wt.% moisture content. The wet biomass was then transferred into the HTL
autoclave reactor, which was sealed tightly. The reactor was placed in a pre-heated oven at 210 °C
and held for 1 h. After the reaction, the reactor was removed from the oven, allowed to cool to
room temperature, and the contents were filtered using vacuum filtration to separate the solid
residues. The resulting filtrate was transferred to a 500 mL conical flask and mixed with 200 mL
of dichloromethane. The mixture was stirred for 2 min and then transferred into a separatory funnel
to separate the aqueous by-product from the bio-oil [9]. This process was repeated at different
operating temperatures ranging from 210 to 270 °C in 10 °C increments. Additionally, a separate
set of experiments was conducted with varying reaction times from 30 to 90 min in 5-minute
intervals. Fig. 1 illustrates the step-by-step procedure for the lipid extraction through HTL
processing to bio-oil recovery.
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Figure 1 The experimental steps involved in the recovery of bio-oil from DMB.

Results and Discussion

Effect of reaction temperature

The percentage area versus reaction temperature for the respective compounds present in the bio-
oil is shown in Fig. 2A-D. From the graphs, it is evident that temperature variation affects the
composition of the bio-oil produced from Chlorella sp. (DMB) via hydrothermal liquefaction
(HTL). For aliphatic acids (Fig. 2A), the data show that both hexadecanoic and octadecenoic acids
follow a similar trend. The highest percentage areas of hexadecanoic acid and octadecenoic acid
are observed at 250 °C and 260 °C, respectively. In the case of amines and amides (Fig. 2B), both
compounds exhibit a similar trend, with their highest percentage areas recorded at 270 °C. For
nitrogen-containing compounds (Fig. 2C), pyrazine is not detected at lower temperatures (210—
230 °C). However, its percentage area increases significantly as the temperature rises from 240 °C
to 270 °C, with the highest concentration observed at 270 °C. Pyridine is detected in small amounts
at lower temperatures, but its percentage area drops below 1% at temperatures above 230 °C,
indicating its near absence at higher temperatures [10]. For phenolic compounds (Fig. 2D), the
data show an inconsistent trend, with the highest percentage area observed at the lowest
temperature of 210 °C. Regarding overall bio-oil yield, it increases significantly with rising
temperature, however, it begins to decrease beyond a certain point [11]. To determine the optimum
reaction temperature, aliphatic acids were selected as reference compounds due to their relevance
as precursors for biofuels and their role in improving bio-oil quality [12]. According to the study/s
data, the optimum temperature range is determined to be between 250 °C and 260 °C, where the
highest percentage areas of aliphatic acids were obtained.
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Figure 2 Plots of percentage area vs reaction temperatures for (A) aliphatic acids, (B) amides
and amines (C) pyrazine and pyridine, and (D) phenolic compounds.

Effect of reaction time

The percentage area versus reaction time, as shown in Fig. 3A-D, indicates that variations in
reaction time affect the composition of the bio-oil produced for the selected components. In the
plot for aliphatic acids (Fig. 3A), both hexadecanoic and octadecenoic acids follow a similar trend,
with the highest percentage areas observed at a reaction time of 45 min. Conversely, amines and
amides are absent at shorter reaction times (Fig. 3B), with the highest percentage areas recorded
at longer reaction times, corresponding to 75 and 90 min for amides and amines, respectively.
However, the data for amines show an unstable trend at reaction times beyond 60 min. In Fig. 3C,
both pyrazine and pyridine are absent at reaction times between 30 and 60 min. The percentage
area of pyridine increases significantly at 75 min, followed by a slight decrease at 90 min.
Similarly, the percentage area of pyrazine increases with reaction time, peaking at 75 min before
slightly declining at 90 min. Thus, the highest percentage areas for both pyrazine and pyridine
occur at 75 min. For phenolic compounds (Fig. 3D), the data display an unstable pattern, but with
an overall increasing trend. The highest percentage area is observed at the longest reaction time of
90 min. According to Huang et., al. [11], bio-oil yield is expected to increase significantly with
longer reaction times. However, the authors also reported that temperature plays a more significant
role than reaction time in enhancing bio-oil yield recovery using HTL. Therefore, in determining
the optimum reaction time for the process, a similar method used for evaluating reaction
temperature was applied, selecting aliphatic acids as the reference components due to their
desirability for biofuel production [13,14]. Based on this criterion, the optimum reaction time is
determined to be 45 min, as this condition yields the highest percentage area of aliphatic acids.
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Figure 3 Plots of percentage area vs reaction times for aliphatic acids (A), for amides and
amines (B), for pyrazine and pyridine (C) for phenolic compounds (D).

Conclusion

In conclusion, this work demonstrates that both reaction temperature and time significantly
influence the composition and yield of bio-oil produced from Chlorella sp. via HTL. Aliphatic
acids, which are key precursors for biofuel applications, were most abundant at 250-260 °C and a
reaction time of 45 min, indicating these as optimal conditions for maximizing desirable bio-oil
components. While longer reaction times favored the formation of nitrogen-containing and
phenolic compounds, over-stretching of the reaction times led to unstable trends and diminished
yields for certain components. Finally, it was established that temperature had a more pronounced
effect on bio-oil quality and yield than reaction time, which is consistent with findings from
previous studies.
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Abstract. The study aimed to develop a sustainable, low-cost method for removing heavy metals
such as iron (Fe) from wastewater by producing activated carbon from palm kernel shells, activated
with calcium chloride derived from waste cockle shells. Using a Taguchi Lo orthogonal array, nine
samples were synthesized by varying temperature (500-700°C), heating time (60-120 min), and
calcium chloride concentration (0.25-1M). The carbon yield was affected mainly by temperature
and time, with excessive values causing ash formation. The best-performing sample was tested for
Pb adsorption using atomic absorption spectrometry (AAS). Results showed that higher adsorbent
dosage increased removal efficiency, while higher metal concentrations reduced it. Longer contact
times initially improved adsorption but eventually reached equilibrium.

Introduction

Cockle is a popular seafood in Malaysia and a key aquaculture product. However, the discarded
shells, which constitute nearly two-thirds of the biomass, pose environmental concerns due to slow
biodegradation and pollution risks. To mitigate this, studies have explored reusing cockle shells as
low-cost adsorbents and other products [1]. Rich in calcium carbonate (CaCOs3) up to 95%, cockle
shells offer a sustainable alternative to mined limestone, reducing the ecological damage linked to
conventional extraction [2].

Activated carbon is a highly porous material derived from carbon-rich sources such as bamboo,
coconut husks, and palm kernel shells (PKS). It is widely used in environmental and industrial
applications due to its exceptional adsorption capacity, high surface area, and chemical stability
[3]. Common applications include water and air purification, wastewater treatment, and serving as
catalyst supports. Activated carbon’s effectiveness stems from its extensive pore structure and the
presence of surface functional groups such as carboxyl, carbonyl, phenol, lactone, and quinone,
which play key roles in binding and adsorbing various contaminants [4]. It is particularly valued
for its ability to withstand harsh chemical environments and its high affinity for a wide range of
pollutants [5].

The production of activated carbon from biomass can be enhanced through chemical activation
techniques. In this method, calcium chloride derived from cockle shells is used to impregnate the
palm kernel shell biomass, promoting pore development and enhancing the adsorptive properties
of the final product [6]. Utilizing calcium chloride from waste cockle shells not only adds value to
a previously discarded by-product but also reduces dependence on conventional, often hazardous
and costly activating agents such as phosphoric acid or zinc chloride. This approach offers a more
economical, environmentally friendly, and sustainable pathway for producing high-performance
activated carbon. Furthermore, the synthesized activated carbon was later evaluated for its ability
to remove iron (Fe) from aqueous solutions, highlighting its potential in treating Fe-contaminated
wastewater.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Materials and Methods

Cockle shells were collected from local stores in Seri Iskandar, Perak, cleaned, dried at 110°C,
ground, and sieved to 100 um. Palm kernel shells from FELCRA Nasaruddin Belia in Bota, Perak,
were similarly cleaned, dried, ground, and sieved. Calcium chloride (CaCl,) was synthesized by
reacting cockle shell powder with hydrochloric acid (0.5-2 M), producing CaCl, solutions of 0.25-
1 M after filtration.

Five grams of palm kernel shell were impregnated overnight with 100 mL of the CaCl, solution,
dried, and calcined under conditions defined by a Taguchi Lo orthogonal array. The resulting
activated carbon was washed with 10% HCI and deionized water until neutral pH, then its yield
was calculated using formula in Eq. 1.

weight of AC after washing (g)

Yield (%) = x100%

inital PKS weight (g) (D)

The activated carbon’s adsorption performance for iron (Fe) removal was tested using Fe(III)
nitrate solutions. Experiments varied three parameters: adsorbent dosage (0.005-0.1 g), initial Fe
concentration (20-120 ppm), and contact time (30-180 min) at 30°C. After adsorption, samples
were filtered and analysed via Atomic Absorption Spectrometry (AAS, Agilent 240FS). The
adsorption capacity (g.) was determined using Eq. 2 based on Fe concentrations before and after
treatment, where g. is the adsorption capacity in mg/g, C, is the initial Fe concentration in mg/L,
C. is the equilibrium Fe concentration in mg/L, V' is the volume of solution in L and m is the mass
of adsorbent in g.

B (C—C)xV
m (2)

e

Results and Discussion

The section was subdivided into multiple subsections discussing about optimization of activated
carbon synthesis using Taguchi Lo orthogonal array based on pyrolysis temperature, pyrolysis time
and concentration of calcium chloride, followed by characterization of activated carbon and lastly
effect of initial Fe concentration, adsorbent dosage and contact time on Fe adsorption. Three key
parameters, calcium chloride molarity (0.25-1 M), calcination temperature (500-700°C), and
calcination time (60-120 min), were optimized using the Taguchi Lo orthogonal array to maximize
activated carbon yield from palm kernel shells (PKS). The yield was determined by comparing the
final product weight to the initial biomass weight.

Table 1 Yield calculation of activated carbon.

Parameters Weight (g)

Run M Temp.(°C) Time (min) PKS Pyro Wash Yield (%)
1 025 500 60 5.012 031 0.276 5.51
2 025 600 90 5.009 0.07 0.031 0.62
3 025 700 120 5.005 0.06 0.024 0.48
4 0.5 500 90 5.006 0.55 0.392 7.83
5 0.5 600 120 5.016 0.07 0.059 1.18
6 0.5 700 60 5.013 0.15 0.097 1.93
7 1 500 120 5.009 0.20 0.19 3.79
8 1 600 60 5.011 0.06 0.036 0.72
9 1 700 90 5.006 0.04 0.032 0.64
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Figure 1 Signal to noise ratio (SNR) plot.

Table 1 shows that yield decreases with increasing temperature and time, due to greater
decomposition of volatile components. The highest yield of 7.83% occurred at moderate
conditions (M = 0.5, 500°C and 90 min), while the lowest yield of 0.48% was at harsher conditions
but lower concentrations (M = 0.25, 700 °C and 120 min). This indicates that milder activation
favours higher carbon recovery, whereas harsher conditions cause more material loss. From the
yield, Taguchi analysis using Minitab and signal-to-noise (S/N) ratios identified the optimal
conditions as 600 °C, 0.25 M calcium chloride, and 60 min as observed in Fig. 1. These settings
provided the best balance between thermal decomposition and chemical activation, resulting in
efficient pore formation, minimal carbon loss, and the highest overall yield. [7].

Characteristics of activated carbon
The FTIR spectrum of the synthesized activated carbon of 600°C, 0.25M calcium chloride, 60 min

in Fig. 2 confirms the presence of several characteristic functional groups typically associated with
carbonaceous materials. Comparison has shown that the spectrum is almost a duplicate of FTIR
spectrum of activated carbon in [8]. A broad absorption band around 3397 cm'! is attributed to O—
H stretching vibrations, indicating the presence of hydroxyl groups, which may originate from
residual moisture or phenolic compounds commonly retained on the surface of activated carbon

due to its high porosity and surface area [9].
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Figure 2 FTIR spectra of synthesized activated carbon.

The absorption peak near 2920 cm’' corresponds to C—H stretching vibrations of aliphatic
hydrocarbons, suggesting that remnants of lignin or cellulose from the original palm kernel shell
precursor may still be present despite pyrolysis [8]. A distinct band near 1590 cm™ is assigned to
C=C stretching vibrations within aromatic ring structures, indicating the formation of aromatic
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domains during thermal treatment. Additionally, a peak around 1105 cm! is associated with C—O
stretching vibrations, reflective of the presence of ether, alcohol, or phenolic groups on the carbon
surface. Finally, absorption bands in the 670-870 cm™! region are characteristic of aromatic C—H
out-of-plane bending, further confirming the development of aromatic ring structures during the
carbonization process.

SEM analysis in Fig. 3a revealed that the synthesized activated carbon exhibited compact,
spherical, and sub-spherical particles with well-defined boundaries and a high degree of structural
uniformity. At higher magnification in Fig. 3b, a dense distribution of circular micropores was
clearly visible, although the pore sizes appeared slightly smaller compared to those reported in
[10]. This observation confirms the successful development of a well-formed porous network,
which is essential for enhancing surface area and improving adsorption efficiency. The particles
were closely packed with limited large voids, while the presence of small inter-particle gaps
suggested additional mesoporosity that could facilitate better diffusion of adsorbates within the
material. Minor surface irregularities and debris were observed, possibly originating from residual
ash, unreacted precursor material, or mechanical handling during processing.

The EDX analysis in Table 2 further supported the successful synthesis of carbon-rich material,
showing that carbon (C) was the predominant element at 73.13%, followed by oxygen (O) at
25.23%, with smaller amounts of silicon (Si) at 1.52% and sulphur (S) at 0.12%.

Figure 3 FESEM micrograph of activated carbon at (a) 500x and (b) 50Kx.

The high carbon content reflects an effective carbonization process and the efficient removal of
non-carbon elements during activation. The presence of oxygen is attributed to surface functional
groups such as hydroxyl, carbonyl, and carboxyl, which are known to enhance surface reactivity
and adsorption performance. Trace amounts of Si and S may have originated from the raw biomass
or minor impurities introduced during activation.

Table 2 Elemental composition, BET area, pore volume and pore size of activated carbon.

Elements Weight % Parameters Value
Carbon 73.13 Surface Area (m%*/g) 435.64
Oxygen 25.23 Pore volume (cm’/g)  0.27
Silicon 1.52 Pore size (nm) 2.48
Sulphur 0.12

Overall, the elemental composition confirms that the synthesized activated carbon met the SNI 06-
3730-1995 standard, with a carbon content exceeding the minimum requirement of 65%, thereby
validating its suitability for adsorption and other environmental applications [11].

BET analysis in Table 2 revealed that the synthesized activated carbon exhibited a high specific
surface area of 435.64 m?/g, a total pore volume of 0.27 cm?/g, and an average pore diameter of
2.48 nm, indicating a predominantly mesoporous structure suitable for adsorption applications
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[12]. Such characteristics are advantageous for accommodating larger adsorbate molecules and
support potential applications in wastewater treatment, gas separation, and catalysis.

Adsorption of Fe

After optimizing the activated carbon synthesis parameters and conducting its characterization,
adsorption experiments were performed to examine the effects of adsorbent dosage, initial Fe
concentration, and contact time. The results, summarized in Table 3, revealed distinct trends in Fe
removal efficiency for each parameter.

Table 3 Effects of activated carbon dosage, initial Fe concentration and contact time on ge.

Parameters C, (mg/L) C.(mg/L) % Removal ¢, (mg/g)

0.005 g 100 77.48 22.52 450.4
0.0l g 100 68.33 31.67 317
0.02¢g 100 62.18 37.82 189.1
0.1¢g 100 56.09 43.91 43.9

20 ppm 20 4.87 75.65 151.3

40 ppm 40 23.65 40.88 163.5

60 ppm 60 37.49 37.52 225.1

80 ppm 80 50.09 37.39 299.1

100 ppm 100 68.45 31.55 315.5

120 ppm 120 90.13 24.89 299
30 min 100 69.01 30.99 309.9
60 min 100 68.27 31.73 3173
90 min 100 67.08 32.92 329.2

120 min 100 66.65 33.35 3335

150 min 100 66.57 33.43 3343

180 min 100 66.48 33.52 335.2

In Fig. 4, increasing adsorbent dosage enhanced overall Fe removal, with equilibrium
concentration (C.) decreasing from 77.48 mg/L at 0.005 g to 56.09 mg/L at 0.1 g. However,
adsorption capacity (¢g.) declined from 450.4 mg/g to 43.9 mg/g, reflecting reduced efficiency at
higher dosages due to particle aggregation and site overlap [13].
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Figure 4 Effect of activated carbon dosage on adsorption capacity and % removal of Fe.

The percentage of Fe removal increased from 22.52% to 43.91% as dosage rose, indicating that
additional surface area and active sites improved overall metal removal [14]. These results
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highlight the need for dosage optimization to achieve an effective balance between Fe removal
efficiency and adsorbent utilization.

Fig. 5 shows the effect of initial Fe concentration on the adsorption performance of the activated
carbon. The results show that increasing the initial Fe concentration improves qe, particularly
between 20 ppm and 100 ppm. This trend can be attributed to the increased driving force for mass
transfer between the aqueous phase and the surface of the adsorbent, which facilitates more
effective diffusion of Fe ions to the available active sites. The higher availability of Fe ions at
elevated concentrations allows for more active sites to be occupied, resulting in a higher qe [15].
However, at 120 ppm, a slight drop in ge is observed, signifying the onset of adsorbent site
saturation. This indicates that most of the active sites are already occupied and further increases in
Fe concentration do not lead to higher adsorption. In fact, excessive concentrations might lead to
pore blockage or competition among Fe ions for limited active sites, thus reducing adsorption
efficiency. On the other hand, the percentage removal of Fe decreases as the initial concentration
increases. This inverse relationship is likely due to the fixed 0.01g adsorbent dosage being
inadequate to handle excess Fe ions at higher concentrations, resulting in a total Fe being adsorbed
[16]. These findings show the importance of balancing initial metal concentration with appropriate
adsorbent dosage to maximize both removal efficiency and adsorption capacity.
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Figure 5 Effect of initial Fe concentration on adsorption capacity and % removal of Fe.

As shown in Fig. 6, the effect of contact time on Fe adsorption using activated carbon was
evaluated. The results indicate that increasing contact time leads to a corresponding increase in
both ¢g. and percentage removal. However, the rate of increase begins to taper after 120 min,
suggesting that the adsorption process is nearing equilibrium. The minimal difference in Fe
removal observed between 120 and 180 min further supports this, indicating that extending the
contact time beyond 120 min provides only marginal improvement in adsorption performance [17].
Therefore, 120 min can be considered the optimal contact time for efficient Fe adsorption under
the specified experimental conditions.
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Figure 6 Effect of contact time on adsorption capacity and % removal of Fe.

Conclusion

Activated carbon was successfully synthesized from palm kernel shell using calcium chloride
derived from cockle shell through an eco-friendly activation process. Optimization using the
Taguchi Lo orthogonal array identified the best synthesis conditions as 600°C, 60 min, and 0.25 M
calcium chloride. The resulting activated carbon exhibited a high surface area of 435.64 m?*/g,
good pore volume, and small pore size, with FESEM images revealing compact sub-spherical
particles containing well-arranged circular pores. The Fe adsorption performance depended on
adsorbent dosage, initial concentration, and contact time. Lower adsorbent dosage increased
adsorption capacity (g.), reaching 450.2 mg/g at 0.005 g, while higher dosages achieved greater
overall removal efficiency (up to 43.91%). Lower initial Fe concentrations resulted in higher
removal efficiency (75.65% at 20 ppm), whereas higher concentrations yielded greater g. values.
Longer contact times improved adsorption until equilibrium was reached between 120-180 min,
with a maximum g¢. of 335.2 mg/g. Overall, maximum Fe removal occurred at low initial
concentrations and high adsorbent dosages, while maximum adsorption capacity was achieved at
low adsorbent dosages and high Fe concentrations, with 120 min sufficient to reach near
equilibrium.
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Abstract. The discharge of industrial dye effluents, particularly those containing persistent
cationic dyes such as methylene blue, poses significant threats to aquatic ecosystems and public
health due to their high stability and resistance to conventional treatment methods. Iron oxide
nanoparticles (IONPs) have emerged as effective adsorbents owing to their large surface area and
strong dye affinity; however, their tendency to agglomerate reduces dispersion and adsorption
efficiency. This study presents a sustainable approach to enhance IONP performance by
functionalizing them with pectin, a biodegradable polysaccharide derived from agricultural waste.
The effects of pectin methoxylation, particularly comparing high-methoxyl (HMP) and low-
methoxyl (LMP) pectin, on surface charge, colloidal stability, and dye adsorption were
systematically examined. Zeta potential, FESEM—EDX, and adsorption analyses confirmed
successful functionalization and improved performance. Increasing the precipitation pH enhanced
the negative surface charge (—39.4 mV for HMP and —39.6 mV for LMP; versus —17.3 mV for
bare IONPs) and methylene blue removal (HMP: 84.3 to 89.0%; LMP: 94.4 to 95.4%). These
findings demonstrate the critical roles of synthesis pH and pectin structure in tailoring nanoparticle
properties for efficient and eco-friendly wastewater treatment.

Introduction

The widespread use of synthetic dyes in the textile industry has made it a significant contributor
to global water pollution. Among the various types of dyes employed, cationic dyes, often referred
to as basic dyes are particularly concerning due to their chemical stability, solubility in water,
vibrant coloration, and tendency to persist in wastewater [1]. These dyes, which contain functional
groups such as —NRs* or =NR:2" [2], are not only visually polluting but can also elevate the
biochemical and chemical oxygen demand of natural water bodies [3], disrupt photosynthetic
processes, restrict aquatic plant growth, and introduce toxic, mutagenic, or even carcinogenic
substances into food chains [4]. Their resilience against conventional biological degradation
allows them to remain in the environment over long periods, posing significant risks to both
ecosystems and human health.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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To counter this problem, numerous methods for dye removal from wastewater have been
explored, with adsorption emerging as one of the most effective and practical techniques [5].
Adsorption has long been widely recognized for its simplicity, low operational cost, and effective
performance in removing dye pollutants [5,6]. Iron oxide nanoparticles (IONPs) have attracted
particular interest as adsorbents due to their high surface-area-to-volume ratio, non-toxic nature,
biocompatibility, chemical stability, and ease of production [7,8]. Compared to bulk materials,
these nanoparticles offer markedly superior adsorption capacities due to their large surface area
and high particle number per unit mass, which increase the number of binding sites for target
molecules [7,9]. While IONPs are also widely applied in medical technologies such as drug
delivery, tissue engineering, diagnostic imaging, and hyperthermia therapy [7], their use in water
treatment is often hindered by agglomeration. This phenomenon, in which nanoparticles cluster
together to form larger aggregates, significantly reduces the available surface area for adsorption
and impairs performance [10].

In response, recent research has focused on modifying the nanoparticle surface to prevent
agglomeration and enhance performance through coating, stabilization and functionalization [§],
which involve altering the surface chemistry of the adsorbent to improve its adsorption capacity
and selectivity for specific target molecules [11]. Among them, natural polymers such as pectin,
an abundant and plant-based polysaccharide commonly extracted from fruit peels and other
agricultural by-products, has shown potential in stabilizing IONPs and preventing agglomeration
during synthesis [12]. Functionalizing IONPs with pectin not only improves particle dispersion
and adsorption efficiency but also supports sustainability by utilizing biodegradable and renewable
resources [13]. Importantly, introducing pectin-functionalized IONPs into aquatic systems poses
minimal environmental risk, as pectin is naturally derived, non-toxic, and easily biodegradable.
This eco-friendly approach offers a dual benefit: effective dye removal and valorization of
agricultural waste.

Despite these benefits, there are still gaps in understanding the factors that govern the
effectiveness of pectin-functionalized IONPs for dye adsorption. One underexplored aspect is the
degree of methoxylation in pectin, which significantly alters its physicochemical properties, such
as charge density and gelation behavior [14]. Pectin is generally categorized based on its degree
of esterification (DE) into high-methoxyl pectin (HMP), with a DE greater than 50%, and low-
methoxyl pectin (LMP), with a DE less than 50%; these two types also differ in their charge density
and gel-forming abilities. They may interact differently with IONPs, influencing the surface
charge, colloidal stability, and adsorption capacity of the functionalized IONPs. In addition,
synthesis parameters, particularly temperature and pH, are known to affect nanoparticle
morphology, crystallinity, and surface characteristics, yet their influence in conjunction with
pectin functionalization remains underexplored. Studies systematically investigating how these
factors jointly affect the adsorption efficiency of pectin-functionalized IONPs are limited in the
literature.

The major problem addressed in this study is the lack of comprehensive understanding
regarding the influence of pectin methoxylation and precipitation pH on the structure, surface
properties, and cationic dye adsorption performance of pectin-functionalized IONPs. Without such
knowledge, it is difficult to optimize these nanocomposites for practical use in wastewater
treatment applications. Therefore, the primary objective of this research to develop a green and
sustainable nanocomposite adsorbent by functionalizing IONPs with pectin derived from
agricultural waste and to systematically evaluate how the degree of pectin methoxylation (HMP
vs. LMP) and pH of IONPs precipitation affect the surface charge, agglomeration and adsorption
efficiency of the resulting nanocomposites. Methylene blue is used as the model cationic dye to
assess the adsorption performance of these nanocomposites. Overall, this work aims to deepen the
understanding of the structure-function relationship in pectin-functionalized nanoparticle
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adsorbents and provide practical guidance for the development of advanced, eco-friendly materials
for the efficient removal of dyes from wastewater.

Materials and Methods

Iron (II) chloride tetrahydrate (FeCly-4H20), Iron (III) chloride hexahydrate (FeCls-6H20),
ammonium hydroxide (NH4OH), and methylene blue (MB) dye were obtained from R&M
Chemicals. Commercial HMP (DE= 81.4%) was purchased from Sigma-Aldrich while LMP (DE
= 44.3%) was procured from Pomona’s Universal Pectin. All chemicals were used as received,
without further purification. Millipore ultrapure deionized water was used throughout all synthesis
and experimental procedures.

Based on the synthesis method described by Nsom et al. [5], with slight modifications, 0.994 g
of FeCl,-4H,0 and 2.701 g of FeCl3-6H,O were dissolved in 100 mL of deionized water,
maintaining a constant molar ratio of Fe*": Fe** = 1:2 throughout the experiment. The mixture was
stirred at 550 rpm and heated to 50 °C for 3 hours using an overhead stirrer. Under continuous
stirring, NHsOH was added dropwise to the mixture until the pH reached 11, initiating the
precipitation of IONPs. After a further 30 minutes of reaction time, the suspension was centrifuged
at 9000 rpm for 15 minutes to separate the precipitate. The collected solid was washed repeatedly
with deionized water until the supernatant reached a neutral pH. The washed precipitate was then
dried overnight in an oven at 60 °C, ground into fine powder using a pestle and mortar, and stored
in a sealed zip-lock bag for further use. The chemical reaction involved is illustrated in Eq. 1.

2FeCl; + FeCl, + 8NH; + 4H,0 - Fe;0, + 8NH,CI (1)

To prepare pectin-functionalized IONPs, 0.5 g of HMP was first dissolved in 100 mL of
deionized water. The solution was stirred and heated to 40 °C until fully dissolved. Separately,
0.994 g of FeCl2-4H20 and 2.701 g of FeCls-6H20 were dissolved in 100 mL of deionized water,
maintaining a consistent Fe?*: Fe*" molar ratio of 1:2. This iron salt solution was then added
dropwise into the pectin solution under continuous stirring. The resulting mixture was stirred at
550 rpm and maintained at 50 °C for 3 hours (including the addition time). Subsequently, NH.OH
was added dropwise under continuous stirring (heating was stopped at this stage) to adjust the pH
of the mixture, to target values of pH 9, 10 and 11. After 30 minutes of reaction at the set pH, the
solution was centrifuged at 9000 rpm for 15 minutes to isolate the precipitate. The collected
precipitate was subsequently rinsed multiple times with deionized water until the supernatant
achieved a neutral pH. The final product was oven-dried at 60 °C overnight, then ground finely
using a pestle and mortar, and stored in a zip-lock bag for subsequent characterization and
experiments. The IONPs functionalized with HMP were labelled as HMP-iron oxide. The same
procedure was repeated using low-methoxyl pectin (LMP) to produce LMP-IONPs.

Batch dye adsorption experiments were conducted. 90 mL of 10 mg/L MB solution mixed with
0.15 g of the synthesized IONPs adsorbent. The mixtures were placed in an incubator shaker at
200 rpm for 2 hours at room temperature to ensure sufficient contact between the MB dye and the
adsorbent. After the adsorption process, the final concentration of MB dye in the solution was
measured using a PerkinElmer Lambda 365 UV—Vis spectrophotometer at wavelengths ranging
from 663 nm to 668 nm, corresponding to the maximum absorbance of MB. The dye removal
percentage (%) was calculated using Eq. 2.

Dye Removal Percentage (%) = % X 100% (2)
0

Co and C; are the initial and final concentration of MB solution respectively.

The zeta potential of both bare and pectin-functionalized IONPs was determined using a
Malvern Zetasizer Nano ZSP to analyze their surface charge. The adsorbents were redispersed in
deionized water at a concentration of 5 mg/mL, and the samples were maintained at room
temperature. Each sample was measured in triplicate. The morphology and particle size of the
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synthesized bare and HMP-iron oxide were examined using a Hitachi Regulus 8220 Field
Emission Scanning Electron Microscope (FESEM). This high-resolution imaging technique
enabled detailed visualization of the surface structures and estimation of particle size distribution.
FESEM images also offered valuable insights into how pectin functionalization helps mitigate
nanoparticle agglomeration. To further investigate the elemental composition, energy-dispersive
X-ray spectroscopy (EDS) was performed using an Oxford EDX Windowless 100 mm detector
integrated with the FESEM system. The EDS analysis confirmed the presence of key elements and
provided evidence for the successful surface functionalization of IONPs with pectin.

Results and Discussion

Dye removal performance and corresponding surface charge

Fig. 1 presents a combined view of the MB dye removal percentage and zeta potential results for
both HMP- and LMP-functionalized IONPs, enabling a direct visual comparison of their surface
charge behaviour and dye adsorption performance across the tested pH values. For comparison,
the performance of bare (unmodified) IONPs is also included to highlight the enhancement
achieved through pectin functionalization.

Based on the results presented in Fig. 1, the surface charge behaviour, as indicated by zeta
potential measurements, plays a significant role in determining the dye removal performance of
IONPs synthesized under various precipitation pH conditions. The zeta potential is a well-known
indicator of colloidal stability, with values exceeding +30 mV or falling below —30 mV generally
indicating a stable dispersion due to strong electrostatic repulsion between particles [15]. In this
study, bare (unmodified) IONPs exhibited a zeta potential of —17.3 mV, suggesting poor
electrostatic stability. This relatively low surface charge implies a high tendency for
agglomeration, which reduces the effective surface area available for dye adsorption. In contrast,
pectin-functionalized IONPs displayed more negative zeta potential values, ranging from —30 mV
to =40 mV, depending on the type of pectin and pH. This enhancement in surface charge can be
attributed to the presence of negatively charged functional groups from the pectin layer [14], which
promotes repulsion and prevents particle aggregation in relative to the unmodified IONPs. As a
result, the functionalized IONPs exhibited good dispersion in suspension, preserving a high surface
area and providing greater accessibility to active sites for MB dye adsorption. This was further
supported by the FESEM images presented in the following characterization section.

Interestingly, it was observed that the degree of this surface charge enhancement was found to
be dependent on the type of pectin used. LMP-functionalized IONPs exhibited more negative zeta
potentials and superior adsorption performance compared to HMP-functionalized ones. This may
be due to the lower degree of esterification (DE) in LMP, which results in a greater number of free
carboxylate groups (—COQO") available on the IONPs surface [16]. These carboxylate groups
contribute to both stronger surface charge and enhanced electrostatic attraction toward cationic
MB dye molecules.

On the other note, the precipitation pH during synthesis also significantly influenced the surface
properties of the IONPs. At higher pH values, increased deprotonation of carboxyl groups in pectin
can occur, exposing more anionic molecules [16,17] and strengthening coordination interactions
between pectin and iron ions. This results in a more effective functionalization process, yielding
nanoparticles with enhanced surface charge and improved MB dye adsorption capability.
Consequently, LMP-functionalized IONPs demonstrated the highest dye removal percentage of
95.4 % at pH 11, owing to their high surface charge, excellent dispersion, and strong electrostatic
interaction with the cationic MB dye. HMP-functionalized IONPs also showed improved
performance compared to bare IONPs, but to a lesser extent due to the higher DE and fewer
available carboxylate groups.
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Figure 1 Comparison of dye removal percentage and zeta potential of HMP- and LMP-iron
oxide synthesized at different precipitation pH values.

Bare IONPs showed significantly lower dye removal performance, likely due to their lower zeta
potential, which led to agglomeration and in solution, and subsequently reduced the available
surface area for adsorption. Moreover, the pH-dependent nature of iron oxide’s surface charge [18]
further limited its effectiveness: at lower pH values, the surface becomes more positively charged,
which repels the cationic dye molecules, whereas at higher pH values, partial negative charge
develops but still lacks the colloidal stability. Since MB is a cationic dye and naturally in slightly
acidic conditions, the positively charged surface of bare IONPs at low pH leads to electrostatic
repulsion, further inhibiting dye adsorption.

FESEM and EDS analysis

Fig. 2 presents the FESEM images of bare and HMP-IONPs, respectively. Both samples exhibit
similar particle size distributions, ranging approximately from 12 to 20 nm. However, clear
differences in surface morphology are observed between the two. The bare IONPs appear densely
packed and severely agglomerated, reflecting their lower zeta potential and limited colloidal
stability. In contrast, the HMP-iron oxide displays a looser and more porous structure with visibly
reduced agglomeration. This less compact morphology in the functionalized nanoparticles
suggests that the pectin functionalization provides improved dispersion, likely due to enhanced
electrostatic repulsion resulting from a more negative surface charge (presented in Fig. 1). The
improved colloidal stability of the HMP-iron oxide leads to better separation between particles,
increasing the effective surface area and the number of accessible active sites for dye interaction.
This structural difference aligns with the zeta potential results and is further supported by the MB
dye adsorption results, which demonstrate significantly higher removal efficiency for the HMP-
iron oxide. The reduced severity of agglomeration, coupled with enhanced surface charge, plays a
key role in facilitating more effective adsorption of MB cationic dye molecules.
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Figure 2 FESEM images of (a) bare IONPs and (b) HMP-iron oxide precipitated at pH 11.

Fig. 3 shows the EDS spectra of both bare IONPs and HMP-iron oxide synthesized in this study.
The EDS analysis of the bare IONPs confirmed the presence of iron (Fe) and oxygen (O) only,
consistent with the expected stoichiometry of FesOa, indicating successful synthesis of magnetite
nanoparticles without any surface modification. In contrast, the EDS spectrum of the HMP-iron
oxide synthesized at pH 11 revealed a distinct carbon (C) peak, in addition to Fe and O, confirming
the successful surface functionalization with pectin.
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Figure 3 EDS images of (a) bare IONPs and (b) HMP-iron oxide precipitated at pH 11.

Table 1 tabulates the elemental composition data for bare IONPs, as well as HMP-iron oxide
functionalized at pH 9 and pH 11.

Table 1 Elemental composition of all IONPs synthesized in this study.

Weight Percentage [%]

Element

Bare IONPs HMP-IONPs (pH 9) HMP-IONPs (pH 11)
C - 3.54 6.35
o) 27.65 26.16 30.62
Fe 72.35 70.30 63.03

It is clear that compared to the functionalized IONPs synthesized at pH 9, the pH 11 sample
exhibited a higher carbon content, indicating greater pectin incorporation under more alkaline
conditions. This finding is consistent with the zeta potential and MB dye removal results, where a
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higher degree of pectin functionalization at pH 11 contributed to more negative surface charge and
improved adsorption performance.

Conclusion

This study explored the synthesis and performance of pectin-functionalized IONPs for cationic
dye removal, with a particular focus on the type of pectin and precipitation pH. Results showed
that among the two pectin types studied, LMP-functionalized IONPs consistently outperformed
their HMP counterparts across all precipitating pH investigated, especially under higher pH
conditions. This performance is attributed to LMP’s greater number of free carboxyl groups and
higher dissociation ability, which enhanced the surface charge and created more active binding
sites for dye molecules. The more negative zeta potentials observed in LMP-based samples further
support this mechanism, as they promote stronger electrostatic attraction and reduce nanoparticle
agglomeration. The precipitation pH during synthesis was also found to significantly influence
nanoparticle performance. Higher (alkaline) pH levels promoted better polymer—metal
coordination, leading to stronger pectin functionalization, increased carbon content (as confirmed
by EDS analysis), and more negative zeta potentials. These conditions further improved colloidal
stability and enhanced dye removal efficiencies. Morphological analysis revealed that pectin-
functionalized IONPs exhibit a more porous and less compact structure than bare IONPs,
providing greater accessible surface area for dye interaction. These results show the importance of
selecting the appropriate pectin type and optimizing synthesis pH to tailor the surface
characteristics and functional performance of iron oxide-based nanoadsorbents. These insights
support the development of eco-friendly and efficient materials for wastewater treatment
applications.
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Abstract. In this study, a high surface area biochar was synthesized from pomegranate peel
powder via one-step phosphoric acid activation and pyrolysis (at 600°C for 1 h), and evaluated for
the adsorption of tetracycline (TCL) from aqueous solution. Characterization using BET, FESEM
and FTIR confirmed the development of mesoporous architecture and the presence of functional
groups favorable for TCL interaction. The activated biochar exhibited high specific surface area
of 1882 m?/g, total pore volume of 1.67 cm?®/g, and average pore radius of 3.5 nm. Batch adsorption
experiments were performed to assess the effects of adsorption parameters. The biochar achieved
a maximum TCL adsorption capacity of 435.4 mg/g. Equilibrium data were fitted to Langmuir,
Freundlich, Redlich—Peterson, and Sips isotherm models, with the Langmuir model providing the
best fit, indicating monolayer adsorption. Kinetic data fitted the pseudo second-order model,
suggesting chemisorption as the dominant mechanism. Mechanistic analysis revealed that TCL
removal was driven by electrostatic interactions, n—mn electron donor—acceptor interactions, and
hydrogen bonding. These results demonstrate the efficacy of phosphoric acid-activated
pomegranate peel biochar as a low-cost, sustainable adsorbent for removing pharmaceutical
contaminants from water.

Introduction
The widespread utilization of antibiotics such as TCLs especially in human and animal health have
been attributed to the problem of TCL contamination in surface water bodies [1]. It is reported
that more than 70% of TCL groups (tetracycline, chlorotetracycline, doxycycline, and
oxytetracycline) that are consumed by humans or used in livestock treatments are excreted or
discharged in their original form into aquatic environment [2]. TCL exhibit degradation resistance
in natural envirionment. As a result, tetracycline remain persistent in aqueous medium in their
original forms long after they are discharged from effluent sources. Investigations have shown that
efforts to remove TCL using conventional wastewater treatment processes have not succeeded in
completely eliminating the pollutant in effluent sources [3]. Thus the need to explore and develop
efficient remediation options for teracycline removal in aqueous solution is of great research
importance.

Pomegrante peel is a fruit waste that is generated from the consumption or processing of
pomegranate fruit. The peel represents between 40-50 % of the total fruit weight, equivalent to
around 1.62 million tons of wastes generated annually [4]. They are often disposed in municipal
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waste bins or garbage, thereby constituting environmental pollution and aesthetic problems.
Considering that these peels are available in abundance and offer rich sources of cellulose,
hemicellulose and phenolic compounds compared to other types of biomass precursors, they can
be explored as sustainable low-cost precursor for the production of biochar for application in
separation technologies.

Studies have shown that pristine biochar exhibit low adsorption capacity for TCL in aqueous
solution when compared to chemically modified biochar [5,6]. This is because modification using
chemical agents such as acids, bases and salts improve the structural and chemical properties of
biochar. Chen et al. [7] prepared tannic-acid modified rice straw biochar at 700°C to enhance the
oxygen-containing functional groups present in the biochar. The modified biochar exhibited higher
adsorption capacity for TCL adsorption compared to the unmodified biochar.

Based on literature data and to the best of our knowledge, studies related to the synthesis of
phosphoric acid-activated pomegranate peel waste biochar for TCL adsorption in aqueous medium
is scarce. As a result, this study aims to prepare activated pomegranate peel biochar using one-step
phosphoric activation of the peel waste followed by pyrolysis at 600°C. The prepared biochar was
characterized and applied in batch adsorption of TCL in aqueous solution.

Materials and Methods

Pomegranate peels were retrieved from the fresh fruit purchased in Jubail Industrial City, Saudi
Arabia. TCL, sodium hydroxide (NaOH), sodium chloride (NaCl), phosphoric acid (H3PO4) and
hydrochloric acid (HCl) were analytical grade chemicals purchased from Sigma-Aldrich Co., USA
and used as-received without further purification. 1000 mL stock solution of TCL was prepared
by dissolving 250 mg of TCL (C22H24N20s3) in deionized water.

Preparation of activated biochar

The peel was dried in oven (Thermo Scientific Heratherm) at 110°C for 2 h. The dried peel was
ground in a high-speed multi-function electric grinder (RRH-200) to make pomegranate powder
(PPP) of particle size < 0.6 mm and stored in air tight glass jar. Activated PPP biochar was prepared
following these steps: (i) 10 g of the sample was mixed with 1 M H3POys in ratio of 3:1 w/w (acid
: precursor), stirred for 3 h at 25°C and dried in oven at 110°C; (ii) the impregnated precursor was
pyrolyzed at 600°C for 1 h and the resulting biochar was soaked in 1 M HCI for 24 h, washed
severally with distilled water to remove excess acids and minerals, and then dried in oven at 110°C
for 24 h. The sample was labelled as PAC (phosphoric acid activated carbon). The sample was
characterized and utilized in batch adsorption of TCL.

Characterization of adsorbent material

The structural and chemical properties of PAC were determined using various characterization
techniques. BET specific surface area and pore parameters were estimated based on the results of
physical adsorption-desorption isotherm of N> at 77 K (Micromeritics, ASAP 2020) and analyzed
using Micrometrics TriStar II 3020 software. Surface functional groups were determined within
the range of 4000-650 cm using FTIR spectrometer (Thermo Scientific, Nicolet iS 10).
Morphology was obtained using a field emission scanning electron microscope (FESEM) (Hitachi
SU8020).

Adsorption experiments

Experimental adsorption runs were performed in a constant temperature water bath shaker
(Thermo Scientific, MaxQ 7000) maintained at 25°C and agitated at 230 rpm. TCL solution of
different initial concentrations (10, 80 and 150 mg/L) were prepared from the stock solution. For
the adsorption experiments, 40 ml of each solution was measured into a plastic vial containing
predetermined mass of adsorbent (5, 10 or 15 mg) and the mixture pH was adjusted using 0.1 M
nitric acid or 0.1 M sodium hydroxide to achieve the desired solution pH (3, 6 or 9). The solution
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was agitated continuously for 3 h. Afterwards, the samples were centrifuged to obtain clear
supernatant. The supernatant was analyzed for residual TCL concentration using a Hach DR6000
UV-vis spectrophotometer at wavelength of 370 nm. The removal percentage and adsorption
capacity of TCL were calculated.

Results and Discussion

Properties of activated biochar

Presented in Table 1 are the textural properties of PBC (pomegranate peel biochar without
activation) and PAC. It can be seen that PAC is characterized by significantly high specific surface
area of 1882 m?/g as compared to that of PBC (195.32 m?%/g). Results of the average pore radius
and total pore volume suggests that these materials belong to mesoporous category based on
IUPAC classification. In general, the high surface properties could be due to the ability of
phosphoric acid to enhance the formation of meso- and micropores at temperature range of 400—
700°C [8].

Table 1 Physical properties of PBC and PAC.

Material  Specific surface area Total pore volume Average pore width

Sger (m?/g) V: (cm3/g) (nm)
PBC 195 0.102 3.340
PAC 1882 1.668 3.543

As shown in Fig. 1, FTIR spectra of PBC and PAC reveal distinct peaks. PAC is characterized
by several sharp peaks that could be attributed to structural and chemical modifications induced
by phosphoric acid activation. The broad band observed at 3158 cm™ in the spectra of PBC
corresponds to O-H stretching vibrations of hydroxyl groups from alcohols, phenols, and
carboxylic acids, which are typical of lignocellulosic-derived biochars [9]. The peak at 1571 cm™
represents aromatic C=C vibrations, confirming the development of condensed aromatic structures
characteristic of biochar [10]. In contrast, PAC spectrum shows significant changes, with the band
at 2336 cm ™' assigned to P—H stretching vibrations and that at 2111 cm™ linked to P-C or C=C
stretching, confirming chemical modification by phosphoric acid [11]. The strong peak at 1046
cm™' corresponds to P-O—C and P=O stretching, verifying the incorporation of phosphate groups
into the carbon matrix [12].

FESEM images for the surface morphology of PBC and PAC biochars are presented in Fig. 2.
Fig. 2a revealed the surface of PBC biochar to comprise of fragmented irregular structures forming
overlapping layers characterized by few cavities of various sizes. Fig. 2b shows that the surface of
PAC is distinguished by coarsely agglomerated particles of various sizes forming a porous
structure which could significantly enhance the surface area and effectively contribute to high
adsorption capacity. The effect of chemical treatment is the partial degradation of the lignin and
hemicellulose components of the biomass thus enriching the carbon structure. During
carbonization, these chemicals prevent excessive shrinkage and promote the formation of a stable,
porous structure characterized by high surface area.
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Figure 2 FESEM images of (a) PBC and (b) PAC.

Adsorption studies

Presented in Fig. 3 is the effect of solution pH on TCL adsorption by PBC and PAC. The result
shows that PAC exhibited significantly higher removal efficiency (37-57 %) across pH range of
2-10 compared to PBC with maximum efficiency <6%. The superior performance of PAC can be
attributed to the significant enhancement in surface area and pore volume as reported in the BET
analysis, and the abundance of oxygen-containing functional groups as a result of phosphoric acid
activation. These improvements facilitate multiple interactions such as electrostatic attraction,
hydrogen bonding, and n—r electron donor—acceptor interactions with TCL molecules [11]. In
contrast, the low removal efficiencies achieved for PBC highlights the limited porosity and
functional group availability of pristine biochar. It can be seen that the removal efficiency trend
for PAC was relatively stable between pH 3 and 8 with maximum removal achieved at pH 4 (~57

%). The observed pH-dependent behavior is consistent with the amphoteric nature of TCL with
three pKa values of 3.3, 7.6 and 9.7 [13].
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Figure 3 Effect of initial pH on TCL adsorption onto PBC and PAC.

Fig. 4 shows the effect of contact time on the adsorption of TCL (C, = 150 mg/l, pH=4 and T
= 25°C) onto PAC. The adsorption dynamics reveals a rapid initial increase in TCL adsorption
within the first 50 min followed by a slow approach to equilibrium until 280 min. This
phenomenon indicates quick occupation of readily available surface sites in the early phase of the
adsorption process and subsequent diffusion-limited adsorption as equilibrium is reached. The
kinetic data were fitted to pseudo-first order (PFO) and pseudo-second order (PSO) models.
Analysis of the kinetic parameters as presented in Table 2 shows that PSO model exhibited the
best fit with coefficients of determination (R?) value of 0.988 and estimated equilibrium adsorption
capacity, ge.cat = 429.9 mg/g. Thus, the adsorption process can be considered to be predominantly
governed by chemical process involving valence forces through electron sharing or exchange

between TCL molecules and the oxygen-containing functional groups present on PAC surfaces
[13].
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Figure 4 Effect of contact time on TCL adsorption using PAC (C, = 150 mg/L, adsorbent dosage
= 5mg, pH 4.0 and 25°C).
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Table 2 Kinetic model parameters for TCL adsorption.

Material Pseudo-first order Pseudo-second order

qe k] R2 qe kZ R2
PAC (mg/g) (min‘l) (mg/g) (g mg'1 min‘l)

393.1 0.0863 0.933  429.9 0.0002 0.988

Adsorption isotherm curves for two (Langmuir and Freundlich) and three (Redlich-Peterson)
parameter models were fitted to the experimental data as shown in Fig. 5. The model parameters
for the non-linear adsorption isotherms are presented in Table 3. Langmuir model exhibited the
highest R? (0.999) with corresponding high adsorption capacity (g = 435.4 mg/g) and strong
adsorption energy (K: = 1.069 L/mg), which indicates monolayer adsorption of TCL on the surface
of PAC biochar. Although the R? for Freundlich model is lower than that of Langmuir model, the
heterogeneity parameter value (1/n = 0.139) suggests that the adsorption process proceeds
favorably based on the criteria of favorable adsorption (0< 1/n <1). The Redlich-Peterson
exponent parameter (ngp) is estimated to be 0.862 as reported in Table 3. Considering that this
value is close to 1, it can be inferred that the behavior of the model approaches Langmuir isotherm.

Presented in Table 4 is the comparison of maximum adsorption capacity of activated biochars
derived from fruit and crop wastes for the removal of TCL in aqueous solution. Result from the
this study shows that PAC exhibited higher adsorption capacity compared to the other adsorbents.
Thus, PAC possess the potential to serve as an excellent adsorbent for the removal of TCL in

aqueous solution.
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Figure 5 Fitting of isotherm models with equilibrium data.
Table 3 Constants of adsorption models for TCL removal by PAC.

Langmuir Freundlich Redlich-Peterson

On 4354 Kp(mg'™-L"-gl) 246.6 agrp 0.148

(mg/g)

K; (L/mg) 1.069 1/n 0.139 Kkg 14.97

R? 0.999 R? 0.892 ngp 0.862
R? 0.928
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Table 4 Comparison of TCL capacity (On) by some biochar materials.

Materials Activator Capacity (mg/g) Reference
Rice straw activated biochar Tannic acid 308.0 [7]
Corn straw activated biochar Phosphoric acid  227.3 [14]
Pomegranate peel activated Phosphoric acid 435.4 This study
biochar
Conclusion

In this study, activated pomegranate peel biochar (PAC) with high surface area (1882 m?/g) was
synthesized via one-step phosphoric acid activation and used for the adsorption study of TCL in
aqueous solution. PAC exhibited high adsorption capacity (O, = 435.4 mg/g) for TCL. PSO kinetic
model and Langmuir, Redlich-Peterson and Sips isotherm models provided good fit to the
experimental data. TCL removal is governed by electrostatic interactions, t—n EDA interactions,
and hydrogen bonding. These results demonstrate the efficacy of phosphoric acid-activated
pomegranate peel biochar as a low-cost, sustainable adsorbent for removing TCL contaminants
from water.
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Abstract. The increasing demand for renewable energy highlights the importance of utilizing
livestock waste as a sustainable energy source. This study examines the biogas production
potential from dairy cattle manure at Sirukam Dairy Farm in West Sumatra, Indonesia. Cattle
manure and organic waste were co-digested at four mixing ratios with water (1:1:1, 2:1:1, 1:2:1,
and 2:0:1, w/w). Substrate characteristics, including moisture content, total solids (TS), and
carbon-to-nitrogen (C/N) ratio, were analyzed to evaluate their influence on biogas yield. Results
showed that the 1:1:1 ratio achieved the highest cumulative biogas production (276 mL) with
optimal substrate characteristics (moisture 89.2%, TS 10.8%, C/N 21). Lower performance was
observed in the manure-only mixture (2:0:1), which yielded only 107.5 mL due to an imbalanced
C/N ratio (7) and excessive nitrogen, leading to ammonia inhibition. The study confirms that
optimal conditions for biogas production occur at moisture levels of 88-89%, TS of 9—11%, and
C/N ratios between 20-30. These findings demonstrate the technical feasibility of utilizing
livestock waste for renewable energy generation in Indonesia, providing a scientific basis for
scaling up farm-based anaerobic digestion systems.

Introduction

Energy demand continues to increase in line with population growth and economic activities, while
dependence on fossil fuels remains high [1]. To date, most of the energy consumed worldwide still
comes from fossil sources such as petroleum, natural gas, and coal, whose availability is declining
and which have negative impacts on the environment [2-5]. For instance, coal utilization can
generate fly ash containing heavy metals that may be released into the environment [6—10]. In
addition, the combustion of fossil fuels contributes significantly to greenhouse gas (GHG)
emissions, which are the primary drivers of global climate change [11,12].

In this context, renewable energy becomes a strategic solution to address the dual challenges of
energy security and environmental sustainability. Among the various renewable energy resources,
biogas is considered promising due to its dual benefits: energy production and waste management.
Biogas is produced through the anaerobic fermentation of organic waste such as livestock manure,
agricultural residues, or municipal solid waste [13—16]. This process not only generates a
renewable source of energy but also reduces methane (CH4) emissions, a potent greenhouse gas
with a global warming potential 25 times greater than that of carbon dioxide. Furthermore, the by-
product of anaerobic digestion, digestate, can be used as an organic fertilizer, thereby supporting
sustainable agriculture and circular economy practices [17].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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Livestock waste, particularly dairy cow manure, has been extensively studied as a feedstock for
biogas production. On average, a dairy cow produces between 1.2 and 1.33 m? of biogas per day,
equivalent to approximately 6.67—8.52 kWh of energy [21,22]. However, the actual yield depends
on factors such as manure composition, volatile solids content, carbon-to-nitrogen (C/N) ratio, and
digestion conditions. Previous studies have reported significant variability in manure output
depending on breed, body weight, feed intake, and milk productivity. The chemical composition
of manure, particularly its proportions of fiber, protein, lipids, and moisture, strongly affects
substrate biodegradability and methane yield. Manure with high lignocellulosic content tends to
degrade more slowly, while excessive protein or fat levels can cause ammonia or long-chain fatty
acid inhibition if not properly balanced [18]. For instance, the FAO reported that a dairy cow
weighing around 500 kg and producing 15 liters of milk per day yields approximately 35 kg of
fresh manure daily with about 88% moisture content [19]. Similarly, lactating Holstein cows with
an average body weight of 630 kg and a dry matter intake (DMI) of ~21.7 kg/day were observed
to excrete 66.3 kg of manure per day [21].

Sirukam Dairy Farm, the largest dairy farm in West Sumatra, represents a strategic case study
for the implementation of biogas technology. Based on a field survey, the farm manages
approximately 100 dairy cows (increasing to 150 in recent years), each producing an average of
20 kg of manure per day, yielding a total of 2,000-3,000 kg/day of manure. This estimation,
although conservative, is reasonable for local cattle breeds with moderate productivity and feeding
regimes. If managed optimally, this manure could generate 350-525 m? of biogas per day,
equivalent to replacing 200350 liters of LPG per month, sufficient to meet local household energy
demand and support the farm’s green ecotourism initiatives.

Despite the promising potential, there is limited scientific data on the biogas yield
characteristics of livestock waste from Sirukam Dairy Farm, including manure composition, C/N
ratio, and theoretical methane generation. Therefore, this study aims to analyze the biogas
production potential from dairy cow manure at Sirukam Dairy Farm, West Sumatra, focusing on
estimating manure generation, characterizing waste properties, and theoretically calculating
methane yield. The findings are expected to provide a basis for scaling up renewable energy
applications in rural livestock systems, contributing to Indonesia’s energy transition and
sustainable waste management strategies.

Materials and Methods

This study was conducted using cattle manure collected from Sirukam Dairy Farm, Solok
Regency, West Sumatra, Indonesia. Organic waste obtained from traditional markets in Nanggalo,
Padang City. Both materials were selected as the main substrates for biogas production, with water
added as a diluent to adjust the consistency of the mixtures. Fresh samples were transported in
sealed containers and processed within 24 hours to minimize degradation before analysis.

The experimental setup utilized several laboratory instruments, including gas-tight glass
syringes (100 mL, Hamilton®, USA) for periodic biogas volume measurements, an electric drying
oven (Memmert UNS5S5, Germany) for determining total solids, and a muffle furnace (Nabertherm
L9/11, Germany) for volatile solids analysis. Samples were cooled in a vacuum desiccator
(Duran®, Germany) before weighing on an analytical balance (Shimadzu AY220, +£0.0001 g,
Japan). Standard laboratory glassware such as Erlenmeyer flasks, evaporation dishes, and
stainless-steel spatulas (Iwaki®, Japan) were used throughout the analyses. The UV-vis
spectrophotometer (Shimadzu UV-1900, Japan) was employed for total carbon determination,
while nitrogen content was analyzed using the Kjeldahl digestion and distillation apparatus
(Gerhardt Vapodest 45s, Germany) following standard procedures (APHA 2005).

The study considered three categories of variables. The controlled variables included the types
of substrates used, namely organic waste, cattle manure, and water. The independent variable was
the proportion of these components, with four substrate mixing ratios tested: 1:1:1, 2:1:1, 1:2:1,
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and 2:0:1 (manure: organic waste: water, w/w). The dependent variables consisted of the C/N ratio
and the cumulative volume of biogas produced.

Before biogas production tests, feedstock samples underwent several analytical procedures. The
moisture content was determined gravimetrically by drying approximately 25 g of the sample at
105°C until a constant weight was achieved. The total solids (TS) were calculated from the dried
mass. The carbon-to-nitrogen (C/N) ratio was evaluated based on the total organic carbon (TOC)
and total nitrogen (TN) contents of the samples. The Walkley method analyzed carbon content
using the Black dichromate oxidation method, in which organic carbon is oxidized using 1 N
potassium dichromate (K2Cr207) and concentrated sulfuric acid (H2SOas, 98%) at 150°C. The
remaining dichromate was titrated with 0.5 N ferrous ammonium sulfate (Fe(NHa4)2(SOs)2) using
ferroin as an indicator. The percentage of organic carbon was calculated using the standard
equation from AOAC (2019). For nitrogen analysis, the Kjeldahl method was employed using a
Gerhardt Vapodest 45s (Germany) system. Samples were digested with concentrated H.SO4 and a
catalyst mixture (K2SO4 + CuSQOs) at 380°C until transparent, followed by distillation with 40%
NaOH and titration of the released ammonia with standardized 0.1 N HCI.

The moisture content, total solids (TS), and volatile solids (VS) of the feedstock were analyzed
according to the Standard Methods for the Examination of Water and Wastewater (APHA, 2005).
Approximately 25 g of a well-mixed sample was weighed and dried in an electric oven (Memmert
UNS5S5, Germany) at 105°C for 24 h to a constant weight, to determine the moisture content. The
TS (%) was calculated as the ratio of dry mass to initial wet mass. The dried residue was then
placed in a muffle furnace (Nabertherm L9/11, Germany) and heated to 550°C for 2 h to remove
organic matter. The VS (%) was calculated as the fraction of mass lost during ignition relative to
the total solids. All analyses were performed in triplicate, and average values were reported.

Results and Discussion

Biogas production

Anaerobic digestion performance is significantly influenced by the composition of feedstock
mixtures and their physicochemical characteristics, including the C/N ratio and moisture content.
To evaluate the effect of different substrate combinations on biogas generation, cattle manure,
organic waste, and water were mixed in several proportions. The cumulative biogas production for
each mixture was monitored over a 17-day digestion period, and the results are presented in Figure
1. This figure illustrates the dynamic pattern of daily biogas accumulation across the four tested
ratios (1:1:1, 2:1:1, 1:2:1, and 2:0:1), providing insight into microbial adaptation, degradation
efficiency, and the overall stability of the anaerobic process.

Fig. 1 shows the cumulative biogas production from different substrate ratios of cattle manure,
organic waste, and water (1:1:1, 2:1:1, 1:2:1, and 2:0:1). All treatments exhibited a short lag phase
during the first 2-3 days, followed by a rapid increase until day 7-8, after which production
gradually stabilized. This trend represents the hydrolysis, acidogenesis, and methanogenesis
phases typically observed in anaerobic digestion [23]. The 1:1:1 mixture achieved the highest
cumulative biogas yield (276 mL), consistent with the data shown in Figure 1. This performance
is attributed to its balanced nutrient composition and favourable moisture content (<approximately
89%), with total solids (TS) of around 11% and a C/N ratio of roughly 22, which supports
microbial activity and stable methanogenesis. The 1:2:1 ratio also produced a relatively high yield
(243 mL), although slightly lower, likely due to partial acidification caused by the excess carbon-
rich substrate. In contrast, the 2:1:1 mixture (190 mL) and the 2:0:1 mixture (107 mL)
demonstrated reduced performance due to the limited availability of degradable organics and lower
moisture levels (=75-78%), resulting in slower hydrolysis and restricted microbial activity.
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Figure 1 Daily biogas yield during anaerobic digestion of dairy manure and co-digestion
mixtures.

Effect of total solids on biogas production

The influence of total solids (TS) on cumulative biogas yield is shown in Fig. 2. The data indicate
that biogas production is strongly dependent on the concentration of TS in the substrate mixture.
The highest gas production (276 mL) was obtained at a TS concentration of 10.8% (ratio 1:1:1),
followed by 243 mL at 9.8% TS (ratio 2:1:1). Lower gas yields were observed at higher TS
concentrations: 185 mL at 11.4% TS (ratio 1:2:1) and only 107.5 mL at 12.2% TS (ratio 2:0:1).
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Figure 2 Effect of total solids on biogas production.

Our results are consistent with previous studies. Other research reported that anaerobic
digestion of manure and crop residues is most efficient at TS levels between 8—12%, where
hydrolysis and methanogenesis remain balanced [24]. Similarly, earlier studies found that TS
above 12% can cause process instability due to restricted diffusion and localized accumulation of
volatile fatty acids, which inhibit methane yield [25]. On the other hand, very low TS (<8%) may
decrease methane productivity due to substrate dilution [26].

In this study, the most favourable biogas yield (276 mL) was obtained at TS = 10%, within the
range that supports stable digestion. This observation indicates an empirically optimal TS
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condition under the tested setup, though no statistical or multi-parameter optimization analysis was
conducted. For practical application at Sirukam Dairy Farm, maintaining TS between 9-11%
through controlled water addition and mixing is recommended to sustain stable and efficient biogas
generation. This approach enhances methane yield and minimizes process instability, making the
system more reliable for farm-scale renewable energy utilization.

Effect of C/N ratio on biogas production

The effect of the carbon-to-nitrogen (C/N) ratio on biogas production is shown in Fig. 3. The
results demonstrate a clear relationship, where the highest biogas yield (276 mL) was obtained at
a C/N ratio of ~24 (1:1:1 mixture. These results indicate that an optimal C/N ratio for anaerobic
digestion lies between 20-30, consistent with theoretical expectations. A balanced ratio ensures
sufficient carbon as an energy source and adequate nitrogen for microbial growth, thereby
supporting efficient methane production. Comparable findings have been reported in previous
studies.
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Figure 3 Effect of C/N ratio on biogas production.

A C/N ratio between 25-30 provides the most favourable conditions for methane fermentation,
as excess carbon slows microbial growth while excess nitrogen leads to ammonia toxicity [27].
Similarly, co-digestion of cattle manure with crop residues achieved maximum methane yield
when the C/N ratio was maintained around 25 [28]. Moreover, C/N ratios outside the range of 20—
30 significantly destabilize digestion processes due to either nutrient imbalance or acidification
[24]. The findings underscore the importance of substrate balancing for optimal anaerobic
digestion. At Sirukam Dairy Farm, mixtures that provide a C/N ratio 21 are expected to maximize
methane output while ensuring process stability. This suggests that proper co-digestion strategies
combining cattle manure with organic waste of higher carbon content can improve the
sustainability of farm-based biogas systems

Conclusion

This study highlights the biogas production potential of livestock waste from Sirukam Dairy Farm
in West Sumatra, achieved through the anaerobic co-digestion of cattle manure and organic waste.
The results indicate that substrate composition and physicochemical properties have a significant
influence on digestion performance. The 1:1:1 ratio (manure: organic waste: water) provided the
highest yield of 276 mL, corresponding to optimal moisture content (89%), TS (10.8%), and C/N
ratio (21). In contrast, the manure-only mixture (2:0:1) produced the lowest yield (107.5 mL),
confirming that nutrient imbalance, particularly excess nitrogen, suppresses methane production.
For practical applications, this implies that co-digestion strategies and proper substrate preparation
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can enhance renewable energy generation at Sirukam Dairy Farm, supporting Indonesia’s energy
transition and sustainable livestock waste management.
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Abstract. Palm oil mill effluent (POME) has high organic content or extremely polluted waste
water. Electrocoagulation is advanced alternative technology to treat POME. This study aims to
investigate the effects of applied voltage and residence time on chemical oxygen demand (COD),
biological oxygen demand (BOD), and total dissolved solid (TDS) removal. Aluminum electrodes
were used and applied voltage was varied between 5, 7, and 9 volts. The sampling time was
conducted at 30, 60, 90, and 120 min. The results showed that the removal of COD, BOD, and
TDS increased with the increasing applied voltage. The optimum applied voltage at 9 volts and
pH 7.7, achieving the highest removal efficiencies: 96.7% for COD, 98.8% for BOD, and 99.8%
for TDS at 120 min of processing time. This research found that electrocoagulation process is very
effective to treat highly polluted wastewater such as palm oil mill effluent.

Introduction

Palm oil mill effluent (POME) is a highly polluted wastewater generated from palm oil processing,
containing high concentrations of BOD, COD, suspended solids, oil and grease, and various
organic and inorganic compounds that pose serious environmental risks [1,2,3]. Conventional
anaerobic pond treatment can reduce biodegradable matter but still leaves significant amounts of
colour, phenolic, tannin, and ammonium compounds [4], resulting in COD levels that exceed
regulatory limits (BOD <100 mg/L, COD <350 mg/L, pH 6-9) as specified in Indonesian Ministry
of Environment Regulation No. 5 of 2014.

Electrocoagulation (EC) has emerged as a promising alternative due to its ability to generate
coagulants in situ (from Al/Fe anodes), reduce chemical additive requirements, and minimize
sludge production [5,6,7]. EC performance depends on operational parameters such as voltage,
current density, pH, electrode spacing, and reaction time. Studies have demonstrated that EC can
effectively reduce COD, BOD, and colour in POME, with optimal COD removal (>70%) typically
achieved at 20-25 V [8,9,10,11].

Balancing treatment efficiency, energy consumption, and electrode passivation remains a major
challenge. Therefore, optimizing operating conditions is essential to meet discharge standards at a
reasonable cost. This study aims to evaluate the effect of voltage on the reduction of organic
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content (particularly COD) in POME to enhance the efficiency, sustainability, and economic
feasibility of the electrocoagulation process.

Materials and Methods

Fresh POME was collected from the receiving tank of a POME wastewater facility in
Dharmasraya, West Sumatra, Indonesia. The sample was stored at a temperature of 4-8°C before
use. The EC system consisted of a 1 L rectangular acrylic vessel, a DC power supply, two pairs of
aluminum (Al) electrodes, and a mechanical mixer, as shown in Fig. 1. The Al electrodes had a
total surface area of 150 cm? with a thickness of 3 mm and were arranged 1 cm apart, with a total
of 4 electrodes. The Al electrode was connected to a DC power source capable of delivering up to
30 A of current and 15 V of output voltage. The EC reactor was filled with 1000 mL of POME.
The process was initiated by applying applied voltage at selected intensities of 5, 7 and 9 V, and
contact times of 30 min, 60 min, 120 min and 180 min.

i\

Power Supply Adaptor

e

Reaktor Elektrokoagulasi

Figure 1 Electrocoagulation setup.

Results and Discussion

Effect of pH profile on electrocoagulation cell performance

The profile of changes in pH value on the performance of electrocoagulation cells based on the
variables of contact time and electrical voltage in palm oil mill liquid waste can be seen in Fig. 2.
The pH variation of POME during electrocoagulation using aluminum electrodes at 5, 7 and 9 V
for 30-120 min. The initial acidic pH of 4.9 increased with both voltage and contact time. After
30 min, pH values reached 6.6 (5 V), 7.0 (7 V), and 7.3 (9 V). Higher voltages produced greater
pH increases, with the maximum value of 7.7 achieved at 9 V after 120 min, indicating a shift
toward neutral conditions.

The increase in pH during electrocoagulation is generally attributed to the electrolysis of water,
which produces hydroxide ions (OH") at the cathode [4,9]. The pH increase during
electrocoagulation is attributed to reduction reactions at the aluminum cathode that generate H*
and OH™ ions. Higher applied voltages enhance the formation of these ions, causing the pH to shift
from acidic toward neutral or slightly alkaline conditions. This pH change plays an important role
in improving pollutant removal efficiency during the electrocoagulation process [9,10].

The shift of pH toward neutral values (pH 6-8) benefits POME treatment by improving
coagulation efficiency and minimizing electrode corrosion. Voltage is identified as the main factor
controlling pH during electrocoagulation, while contact time serves as a secondary influence.
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Figure 2 The pH profile against electrical voltage and contact time.

These results align with previous studies highlighting voltage and reaction time as key parameters
in optimizing industrial wastewater treatment [8,9]. The experimental results indicate that the pH
values of POME after electrocoagulation at various voltages (5-9 V) and contact times (30—120
min) meet the effluent quality standard specified by the Indonesian Ministry of Environment
Regulation No. 5 of 2014, which requires a pH range of 6-9.

Effect of COD profile on electrocoagulation cell performance

The profile of COD value changes on electrocoagulation cell performance based on contact time
and electrical voltage variables in palm oil mill liquid waste can be seen in Fig. 3. COD levels in
POME decreased significantly after electrocoagulation, with the highest removal at 9 V and 120
min, reducing COD from 10,560 to 346.7 mg/L (96.7% efficiency). Higher voltage and longer
contact time enhanced pollutant removal through Al(OH)s; floc formation, confirming that
optimized electrocoagulation conditions greatly improve COD reduction efficiency [8].
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Figure 3 The COD profile against electrical voltage and contact time.

These observations are consistent with theoretical principles and recent literature, which state
that higher voltages accelerate anodic oxidation and increase the dissolution of metallic ions from
the electrodes, acting as effective coagulants [12,13]. The metal hydroxide flocs generated serve
as adsorption sites for negatively charged organic molecules, thereby enhancing COD removal.
Moreover, extended contact time improves particle collision frequency and flocculation, which
further enhances the process efficiency [14,15]. The COD concentrations after electrocoagulation
met the Indonesian discharge standard (<350 mg/L), confirming that electrocoagulation, especially
at higher voltages and longer contact times, is an effective method for POME treatment.
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BOD profile on electrocoagulation cell performance
The profile of changes in BOD value on electrocoagulation cell performance based on contact time
and electrical voltage variables in Palm Oil Mill Liquid Waste can be seen in Fig. 4.
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Figure 4 BOD profile against variations in electric voltage and contact time.

The initial BOD of 7,782 mg/L decreased sharply after electrocoagulation, reaching 94 mg/L at 9
V and 120 min. Higher voltage enhanced AI** ion release, promoting floc formation, pollutant
removal, and easier biodegradation of remaining organics [13]. The BOD concentration of POME
before treatment was 7,782 mg/L. After treatment using the electrocoagulation method with
aluminium electrodes at voltage variations of 5, 7 and 9 V for 120 min, with sampling at 30, 60,
90 and 120 min, the following removal efficiencies were obtained: for 5 V, 89%, 90.1%, 91.7%
and 92.7%; for 7V, 91.9%, 93.3%, 94.4% and 95.3%; and for 9 V, 94.5%, 95.9%, 97% and 98.8%,
respectively. When compared to previous studies, such as the one conducted, the BOD removal
efficiency using Al-Al electrodes was only 74% [16].

Higher voltages and longer contact times enhance electrocoagulation efficiency by increasing
coagulant ion release, which destabilizes colloidal particles and promotes organic floc formation.
At optimal conditions (9 V, 120 min), BOD reduction reached 98.8%, outperforming 5 V (92.7%)
and 7 V (95.3%). These results align with previous studies, which reported BOD reduction
efficiencies of 84-96% depending on voltage, electrode configuration, and reaction time [17,18].
Electrocoagulation effectively reduces organic matter in wastewater, with the optimal condition
found at 9 V and 120 min. The BOD values of POME after electrocoagulation at various voltages
and contact times met the discharge standard for palm oil mill effluent (BOD <100 mg/L) as
regulated by Ministry of Environment Decree No. 5 of 2014.

TDS profile on electrocoagulation cell performance

The profile of changes in TDS values on the performance of electrocoagulation cells based on the
variables of contact time and electrical voltage in palm oil mill liquid waste can be seen in Fig. 5.
The initial TDS concentration of the wastewater was 4,050 mg/L, and electrocoagulation
significantly reduced it at all voltage and contact time variations. The highest reduction occurred
at 9 V and 120 min, where TDS decreased to 290 mg/L. This reduction is attributed to higher
applied voltage and longer contact time, which both contribute to more floc formation and lower
TDS values [19,20].
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Figure 5 TDS profile against variations in electrical voltage and contact time.

The TDS of POME before treatment was 4050 mg/L. After being treated using the
electrocoagulation method with aluminium electrodes under voltage variations of 5, 7 and 9 V for
120 min, with sampling times at 30, 60, 90, and 120 min, the following removal efficiencies were
obtained: for 5 V the efficiencies were 99.9%, 99.8%, 99.8% and 99.8%; for 7 V the efficiencies
were 99.9%, 99.8%, 99.8% and 99.8%; and for 9 V the efficiencies were 99.9%, 99.8%, 99.8%
and 99.8%. These results show that the higher the applied voltage, the greater the decrease in TDS
concentration. This is attributed to the increased release of AI** ions from the aluminium electrode
at higher voltages, which accelerates the coagulation and flocculation of dissolved ions in
wastewater [21]. In addition, longer contact time also plays an important role, as extended duration
allows for more floc formation and sedimentation of dissolved particles [22]. Thus, it can be
concluded that the combination of higher voltage (9 V) and longer contact time (120 min) is the
optimum condition for reducing TDS concentration. This significant reduction demonstrates that
electrocoagulation is effective as a treatment method for wastewater with high TDS content,
including industrial wastewater and palm oil mill effluent [23,24]. The experimental results show
that TDS values of POME after electrocoagulation at various voltages and contact times met the
Indonesian wastewater standard (<2000 mg/L) as specified in Ministry of Environment Decree
No. 5/2014.

Characterization of POME organic compounds using FTIR
The FTIR spectrum in Fig.6 compares functional groups in POME before and after
electrocoagulation with aluminum electrodes at 5 V, 7 V and 9 V for 120 min. A significant
reduction in the O—H stretching vibration band (3331-3333 cm™") was observed, particularly at 9
V, indicating a decrease in polar organic compounds like fatty acids and phenols. This supports
previous studies that show electrocoagulation reduces COD and phenol content through adsorption
and floc precipitation [4,25]. Before treatment, absorption bands were observed at 2182.92 cm™
and 2107.12 cm™, indicating the presence of triple bonds C=C or C=N from complex organic
compounds. After electrocoagulation, the intensity of these bands decreased significantly,
particularly at higher voltages (7-9 V), indicating the degradation or coagulation of complex
organic compounds in POME.

The band at 1637 cm ™, linked to aromatic or amide groups, decreased after treatment, indicating
reduced lignin and tannins. Bands at 451-567 cm™ also weakened, suggesting the formation and
precipitation of organic—metal complexes between Al** ions and organic compounds [26].
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Figure 6 Characterization of POME organic compounds at voltages of 5V, 7V and 9V for 120
min using FTIR.

At 5V, functional group changes were minimal, while 7 V showed better organic degradation, and
9 V achieved the greatest reduction in complex organics. FTIR results confirm that
electrocoagulation at 9 V for 120 min effectively degraded or coagulated alcohols, carboxylic
acids, and aromatic compounds, though higher voltage may increase energy use [27].

Conclusion

This study examined the effects of applied voltage (5, 7 and 9 V) and reaction time (30—120 min)
on the reduction of organic pollutants in palm oil mill effluent (POME) using electrocoagulation
with aluminum electrodes. The POME’s initial pH of 4.9 increased to 68 after treatment. Under
optimal conditions (9 V, 120 min), COD decreased from 10,560 to 346.7 mg/L (96.7% removal),
BOD from 7,782 to 94.1 mg/L (98.8% removal, meeting Indonesian effluent standards), and TDS
from 4,050 to 290 mg/L (99.8% removal). The POME color changed from dark brown to clear
white. FTIR analysis revealed degradation of organic compounds such as alcohols, carboxylic
acids and aromatics, with the most significant reduction at 9 V. Overall, electrocoagulation proved
highly effective for POME treatment, with potential for sludge reuse in adsorbent, construction or
pigment applications.
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Abstract. This study presents the development of an optical ammonia (NH3) gas sensor based on
plastic optical fiber (POF) coated with molybdenum disulfide (MoS>), synthesized via chemical
bath deposition (CBD). The MoS: thin film was uniformly deposited along the unclad region of
the fiber, allowing surface interaction with NH3; molecules through nanoscale adsorption
mechanisms. These interactions result in measurable changes in absorbance, enabling real-time
detection of NHs;. The morphological and optical properties of the MoS. coating were
characterized using field emission scanning electron microscopy (FESEM), energy-dispersive X-
ray spectroscopy (EDX), and UV—vis spectroscopy. The sensor exhibited a sensitivity of 1.55
a.u./% NH3 over a concentration range of 0.0625% to 1.00%, demonstrating reliable performance
for low-level NH3 detection. This work highlights the potential of nanomaterial-coated fiber optic
sensors for environmental monitoring applications.

Introduction

Ammonia (NH3) plays a vital role in agriculture, refrigeration and chemical industries but its
toxicity at low concentrations raises significant safety and environmental concerns. Prolonged
exposure can lead to respiratory issues and is subject to strict regulatory limits, necessitating
accurate, and real-time monitoring solutions. Conventional ammonia sensors, such as metal oxide
semiconductors, electrochemical, and colorimetric sensors, have been widely used but often face
challenges like high power consumption, limited selectivity, and poor stability under ambient
conditions [1].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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To overcome these limitations, researchers are increasingly incorporating nanomaterials into
sensing platforms to improve sensitivity. Two-dimensional (2D) materials such as molybdenum
disulfide (MoS:) offer high surface area, tunable bandgap, and strong adsorption affinity for
ammonia molecules [2]. MoS:-based sensors have shown promising room-temperature
performance, making them attractive for portable and wearable applications [3]. Composite
strategies have been explored to enhance MoS: sensing capability: MoS./CeO. composites
achieved room-temperature NHs detection, though with limited response and recovery times [4];
plasma-modified MoS: nanoflowers demonstrated excellent selectivity and rapid response, but the
plasma process is complex and difficult to scale [5]. Conducting polymer composites such as
MoS2/WS—PANI and MoS-PPy improved sensitivity and response [6,7], yet stability and
integration remain challenging. Similarly, MoS: coupled with rGO [8], SnO: [9], or MXenes [10]
enhanced charge transfer and selectivity, though synthesis procedures are often complex and
limited to electrical readouts. Flexible electrical platforms such as screen-printed PANI/MoS:
composites achieved sub-ppm NHs detection with long-term stability [11], while PPy/MoS:
nanocomposites exhibited high repeatability [12].

However, most MoS: sensors rely on electronic transduction, which is susceptible to
electromagnetic interference, electrical noise, and wiring complexity. Optical fiber sensors provide
an alternative with immunity to electromagnetic noise, remote operation, and passive functionality
[13]. An all-fiber MoS.-coated side-polished silica fiber recently achieved 86% sensitivity with 21
s and 60 s response and recovery times under ambient conditions [14]. While this demonstrates
strong potential, silica side-polished fibers are fragile and costly. Plastic optical fibers (POFs) offer
lower cost, higher flexibility, and mechanical robustness [1]. Integrating MoS: with POF enables
room-temperature optical NHs detection that merges the high sensitivity of 2D materials with a
scalable, cost-effective fiber-optic platform. This work therefore proposes a MoS.—POF ammonia
sensor operating at room temperature to bridge high-performance nanomaterial sensing and
practical optical implementation.

Experimental

The work starts with plastic optical fiber (POF) preparation. For the stability testing, a multimode
plastic optical fiber (POF) made of polymethyl-methacrylate (PMMA) with a core diameter of 980
um was utilized. The POF was selected for its flexibility, ease of handling, and suitability for
room-temperature gas sensing operation without risk of breakage.

Side-Polished region

Figure 1 The side polished of plastic optical fiber (POF).

To prepare the sensor region, the protective jacket was stripped using a fiber stripper and a razor
blade. The POF was then mounted onto a custom-designed polishing jig, where sandpaper was
used to carefully polish one side and expose the fiber core by removing the cladding. A 2 cm
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polished section was produced being the maximum length compatible with the custom-built gas
chamber. Finally, the polished surface was thoroughly cleaned with ethanol followed by deionized
water to ensure a contaminant-free sensing area. Fig. 1 shows a microscope image taken of the
side-polished POF sample.

The MoS; synthesis was prepared using a chemical bath approach. Initially, 10 mL of sodium
sulfide, Na,S (0.2 M) was mixed with 1 mL of sulfuric acid, H>SO4 (1 M) in a fume hood, resulting
in a cloudy white suspension due to H>S gas evolution. Subsequently, 10 mL of ammonium
molybdate, (NH4)sM07024 (1 mM) was added under temperature of 60°C in water bath, causing
the solution to turn dark orange/brown, consistent with the formation of a molybdenum—sulfur
complex. The side-polished POF is then immersed in this solution, which is placed in a water bath
held for 30 minutes to promote the growth of the MoS; thin film on the POF. Upon completion of
the deposition, the MoS; coated POF is gently rinsed with distilled water and dried at 60 °C,
concluding the process. Fig. 2 illustrates the fabrication process of the MoS,-POF.

MosS,

Side Polish
Core Core

Cladding Cladding

MoS,/POF

POF [
ﬂczou Na,S w

N

H,S0,

POF ™ ]/

CBD deposition 60°C

Figure 2 [llustration of MoS>-POF fabrication process.

a)

Mass Flow Controller

I

NH3  Synthetic Air

Outlet

Spectrometer

Figure 3 Gas sensing setup: (a) lllustration diagram, (b) In-house setup.

For testing setup, the sample MoS>-POF was placed in the gas chamber as presented in Fig. 3.
A broadband light source (HL-2000, Ocean Optics, USA; 360—2500 nm) and a spectrophotometer
(USB4000 VIS-NIR, Ocean Optics, USA; 200—1100 nm) were used for the optical measurements.
The sample prepared was positioned inside a sealed, custom-fabricated gas chamber. Gas flow into
the chamber was controlled using a mass flow controller set to 200 sccm, with purified air used to
dilute NHs to various concentrations (0.0625%, 0.125%, 0.25%, 0.5%, 0.75%, and 1%) for
sensitivity evaluation. The response and recovery times at 1% NH3 concentration were determined
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from the dynamic absorbance behavior, following standard procedures reported in the literature
[2].

Results and Discussion

This section is divided into two parts. The first one is the result of MoS; characterization, and the
latter is on the absorbance measurement when the samples are exposed to ammonia (NH3) gas as
per the experimental setup in Fig. 3.

Fig. 4 shows FESEM images of MoS>-POF synthesized using the chemical bath deposition
technique. The FESEM image of a sample reveals a highly porous and rough surface morphology
with well-defined interconnected voids and nanoscale features. The porous structure consists of a
continuous framework with irregularly shaped pores in the sub-micron to micron range. At higher
magnification, the surface appears to be densely packed with fused nanoparticles or clusters, and
agglomerated nanostructures, resulting in forming a network-like morphology. The high porosity
and rough texture provide abundant active sites for gas adsorption, while the interconnected
pathways enable efficient gas diffusion through the sensing layer. Such architecture enhances the
sensitivity and response speed of the sensor toward target gases like ammonia (NH3).

- el o .
Figure 4 FESEM images of MoS:> synthesized via chemical bath deposition method.

The elemental composition of the synthesized MoS> sample was examined using energy-
dispersive X-ray spectroscopy (EDX), as shown in Fig. 5. Strong peaks corresponding to
molybdenum (Mo) and sulfur (S) confirm the successful deposition of MoS:. The additional
presence of oxygen (O) can be attributed to surface oxidation of MoS: during exposure to air and
possible adsorbed moisture. Peaks of sodium (Na) and calcium (Ca) are most likely derived from
the soda-lime glass substrate as a place holder, while aluminum (Al) may originate from the
aluminum SEM stub or crucible contamination during preparation. The barium (Ba) peaks
observed are attributed to the substrate composition, as certain glass materials contain barium
oxide additives, or may arise as an artifact from the EDX system. Overall, the EDX result has
validated the formation of MoS; while the other elements detected are associated with the substrate
and measurement environment rather than the active sensing layer.

The bandgap energy of the synthesized MoS, was determined using the Kubelka—Munk
function, where the Tauc plot was extrapolated from its linear region. As shown in Fig. 6(a), the
UV-Vis absorbance spectrum of MoS; exhibits strong absorption in the visible region, with a
prominent peak around 500-600 nm, indicating the material’s ability to absorb visible light. This
absorption behavior is consistent with semiconducting MoS> but suggests deviations from typical
monolayer MoS,, which usually exhibits a non-zero bandgap with high absorption across the
visible spectrum [3]. The corresponding Tauc plot in Fig. 6(b) reveals that the bandgap energy of
the synthesized MoS; is approximately 2.4 eV, obtained from the linear fit extrapolation. This
value is higher than that reported for pristine MoS», which may be attributed to structural defects
such as oxygen substitution at sulfur sites or sulfur vacancies, both of which are known to
significantly alter the electronic and optical properties of MoS: [4,5].
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Figure 6 (a) UV-vis absorbance spectra of the synthesized MoS>, (b) bandgap energy (eV) of the
synthesized MoS:.

The XRD pattern of the synthesized MoS: nanostructures in Fig. 7 exhibited distinct diffraction
peaks at 20 values 0f 32.03°, 33.87°, 38.68°, 43.04°, and 48.76°, which are in good agreement with
the standard hexagonal 2H-MoS, phase. These reflections can be indexed to the and
crystallographic planes, respectively, confirming the formation of crystalline MoS». The slight
deviations in peak positions relative to the standard values may be attributed to strain effects, size-
induced broadening, or interfacial interactions with the substrate during the deposition process.
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Figure 7 The XRD spectra of the synthesized MoS..

In optical fiber-based gas sensors, modifying the cladding is essential to enable interaction
between the evanescent field from the fiber core and the surrounding medium. Side-polishing of
POF provides an effective approach to expose the evanescent wave, where the polishing depth and
length can be precisely controlled with minimal structural damage. When MoS; is coated on the
polished region of the POF, the exposed evanescent field offers the most sensitive interaction zone,
resulting in enhanced adsorption of NH3 molecules. The polished length provides a large active
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area, thereby increasing the effective adsorption sites for NH3 and improving the overall sensitivity
of the sensor.

The absorbance measurements of MoS;-POF exposed to 1% NH3 gas at room temperature can
be shown in Fig. 8(a) in which the absorbance response shift starts at 370nm up to 900nm
indicating sufficient optical response to proceed with dynamic response as displayed in Fig. 8(b)
and Fig. 9(a). The response time was determined based on 90% of the total magnitude of the
absorbance increase at 1% NH3 gas, meanwhile the inverse trend was determined for the recovery
time of the samples. Response and recovery times measured are 60s and 120s respectively.
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Figure 8 MoS:-POF optical spectrum when exposed to 1% NH3 gas at room temperature:
(a) absorbance shift and (b) dynamic response.

The sensing mechanism of the MoS;-POF optical sensor can be explained based on the
interaction between NH3z molecules and the MoS, surface. The MoS> nanostructures possess
numerous active sites and surface defects, which readily adsorb atmospheric oxygen, leading to
partial oxidation into MoOx/Mo0Os3 species. These species introduce hole carriers, giving rise to p-
type behavior in the MoS» sensing layer. Upon exposure to NH3, which acts as an electron-donor
molecule, the adsorbed NHj3 donates electrons to MoS2 and reduces the hole carrier concentration
[6]. This charge transfer modifies the electronic structure of MoS: and alters its optical properties.

As mentioned before, the side-polished region allows the evanescent field from the fiber core
to penetrate into the MoS; sensing layer. Any change in the optical properties of MoS», particularly
refractive index and absorption directly alter the evanescent wave. The adsorption of NHj
increases the effective refractive index of the surrounding medium and induces a detectable change
in absorbance intensity. As a result, the sensor exhibits an optical response that can be monitored
as a shift in absorbance variations at certain wavelengths. Thus, the synergistic effects of NH3
adsorption at MoS; active sites and the strong coupling of the evanescent field with the sensing
layer form the basis of the high sensitivity of the MoS,-POF optical ammonia sensor.

The sensitivity of the fabricated sensor was determined from the slope of the calibration curve
obtained by plotting the absorbance change (A absorbance) against NH3 gas concentrations in Fig.
9(b). The resulting sensitivity was 1.55 a.u./% NH3 indicating that for every 1% increase in NH3
concentration, the absorbance increased by approximately 1.55 arbitrary units (a.u.).
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Figure 9 (a) The dynamic response of MoS,-POF towards a range of NH3 gas concentration, (b)
absorbance change as a function of NH3 gas concentration.

Conclusion

A MoS>-coated plastic optical fiber (POF) gas sensor was successfully fabricated and
characterized. The sensor exhibited good NHs detection performance with a sensitivity of 1.55
au/% NH3, a 60s response, and a 120s recovery time. These results are attributed to the high surface
area and active sites of MoS: that enhance NHs adsorption and alter the fiber’s evanescent field.
Further studies are required to assess selectivity toward gases such as Hz, CH4, and VOCs, as well
as long-term stability. Future work will explore surface modification and hybrid nanostructures to
improve selectivity and durability. Overall, MoS;-POF demonstrates strong potential as a low-
cost, room-temperature optical gas sensing platform.
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Abstract. This study explores the development of chitosan-based thin films incorporated with
watermelon rind extract (CS-WMRE) as a sustainable material for active food packaging. Initially,
the WMRE was obtained by comparing two maceration techniques: hot plate and water bath
shaker, to maximize total phenolic content (TPC) and antioxidant activity. The hot plate method
yielded the highest TPC (5.68 + 0.47 mg GAE/g) and antioxidant activity (16.49 + 0.37%). Then,
three different effects of the parameters were screened via a Two-level factorial design, specifically
focusing on the amounts of chitosan (wt.%), glycerol (wt.%), and watermelon rind extract
(WMRE) (wt.%). The respective response was antioxidant activity (%). ANOVA analysis
indicates that these three parameters and their interactions were highly significantly associated
with enhanced antioxidant activity and overall performance. FTIR analysis showed the presence
of phenolic groups, appearing between 1405.86—1407.85 cm™', which are linked to O—H bending.
Meanwhile, water vapour permeability (WVP) analysis showed that incorporating WMRE reduces
the film's WVP, thereby improving its barrier properties. These findings highlight the potential of
upcycled watermelon rind as a functional additive in chitosan-based thin films, offering a
sustainable approach for various applications, particularly in packaging and other fields that
require moisture-barrier characteristics.

Introduction

The use of synthetic polymers in active packaging raises environmental concerns due to their
inability to biodegrade, high recycling costs, and contamination of food products with packaging
materials [1]. Most conventional plastics are resistant to natural degradation processes, resulting
in degradation times that can span centuries [2]. Consequently, there has been increasing interest
in developing active biopolymer packaging, which offers biodegradability, safety, and the ability
to enhance food quality and shelf life. In recent years, growing consumer awareness of
sustainability and food safety has further driven the demand for active packaging with antibacterial
and antioxidant functionalities [3].

Active biopolymer packaging can be produced either by integrating active substances directly
into the packaging matrix or by introducing active pads within the package [4]. Among the
materials explored, chitosan-based thin films have attracted considerable attention due to their
film-forming properties, non-toxicity, biodegradability, and inherent antimicrobial activity.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Chitosan, a linear cationic polysaccharide (Cs6H103N9O39) obtained from the deacetylation of
chitin in shellfish waste, is composed of p-(1—4)-linked D-glucosamine and N-acetyl-D-
glucosamine units [5]. Despite these advantages, pure chitosan films generally exhibit poor
mechanical and functional stability, limiting their potential in industrial food packaging. To
address these limitations, recent studies have focused on enhancing chitosan films by incorporating
natural bioactive compounds [6].

Plant-derived extracts are rich in phenolic compounds, flavonoids, and terpenes, offering an
environmentally friendly solution to enhance the antioxidant, antimicrobial, and mechanical
properties of chitosan-based films [7]. A valuable, underutilised resource for this purpose is
watermelon rind waste (WMR), a substantial agricultural by-product from Malaysia's high
watermelon production (174,000 tonnes in 2024) [8]. The resulting watermelon rind extract
(WMRE) contains diverse bioactive constituents, including phenols and flavonoids, whose
antioxidant and cross-linking properties are crucial for improving the physical and functional
characteristics of chitosan-based films [9].

In this study, chitosan-based thin films incorporated with WMRE were screened for active
biopolymer packaging applications. The effects of key parameters, including the amounts of
chitosan, glycerol, and WMRE, were evaluated using a Two-level factorial design to determine
their influence on antioxidant activity and the overall performance of the thin film. The obtained
data showed desirable structural and barrier properties, demonstrating its potential for sustainable
food packaging or other applications that require moisture barrier performance.

Materials and Methods

The red flesh watermelon rind (Citrullus lanatus) was obtained from a local stall in Perlis. All
chemicals and reagents used in this study were of analytical grade (99.99%) and did not require
further purification.

The watermelon rind (WMR) was oven-dried at 60°C for 24 h, ground into a fine powder, and
extracted with 80% methanol at 40°C for 60 min using a water bath shaker and a hot plate. The
extract was then evaporated at 40°C using a rotary evaporator, filtered, and stored in a screw-cap
bottle for further analysis.

Chitosan (1-3% wt.) was added to a 1% acetic acid aqueous solution. Then, glycerol (30-60%
wt.) and WMRE (5-10% wt.) were added to the mixture. The solution was filtered to remove the
precipitate it contained. The thin film was cast using flexible casting and then dried at room
temperature under controlled humidity. All thin films were equilibrated in a desiccator at 50%
relative humidity and 25°C for 2 days before testing.

DPPH radical scavenging activity for WRME and thin film

A free radical assay was performed using the method of [11] with some modifications. About 3
mL of sample extract was mixed with I mL of 0.025 M DPPH solution. Then, the mixtures were
shaken and placed in the dark at room temperature for 1 hour. The absorbance of the mixtures and
the blank was measured at 517 nm using a UV-Vis spectrometer. The antioxidant activity was
measured by using Eq. 1.

Antioxidant activity (%) = % x 100 (1)
Where A is the absorbance of the methanol solution with DPPH as control, and A: is the
absorbance of the sample solution at 517 nm.

Films of each suggested by experimental design via Design Expert software (Version 13, Stat-
Ease Inc., Minneapolis, USA) (900 mg) were put into 18 mL of methanol at room temperature
with gentle stirring at 150 rpm for 3 h to obtain the supernatant. Then, 1 mL of supernatant was
mixed with 2 mL of 0.06 mM DPPH. The mixture was stirred and incubated in the dark at room
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temperature for 30 min. The control for this experiment is a methanol solution without film [12].
The antioxidant activity will be measured by using the following Eq. 2.

Antioxidant activity (%) =1 — % %X 100 ()

In this context, As denotes the absorbance of the sample solution, while Ac represents the
absorbance of the methanolic DPPH solution (control) at 517 nm. The antioxidant activity was
quantified as the percentage of DPPH radical scavenging activity per 100 mg of film.

Experimental design and statistical analysis

The Design-Expert software (Version 13, Stat-Ease Inc., Minneapolis, USA) was used to screen
using a Two-level Factorial Design to identify experimental parameters and interactions that
significantly influence the formulation of CS-WMRE thin films. All independent parameters are
listed in Table 1. A 23 fractional factorial design, consisting of 30 runs including triplicates and six
centre points, was implemented for all parameters, as outlined in Table 2.

Table 1 Variables and levels for the Two-level factorial design.

Parameter Unit Symbol Level
High Low
Chitosan (wt.%) A 1 3
Glycerol (wt.%) B 30 60
WRME (Wt.%) C 5 10

Fourier transform infrared spectroscopy (FTIR) and water vapour permeability (WVP)

FTIR analysis was performed to investigate the structural characteristics of chitosan films
containing WMRE using an FTIR spectrometer (PerkinElmer, MA, USA) equipped with
Attenuated Total Reflectance (ATR) technology. The CS—WMRE thin film was placed on the
ATR attachment, and spectra were recorded in transmission mode over a wavenumber range of
4000—400 cm™* with 16 scans.

The cup was filled with distilled water, and the film sample was sealed on the mouth of the cup.
The sealed cup was placed in the desiccator at room temperature with silica gel for 4 days. The
weight of the cup will be recorded every 24 h [12]. The water vapour permeability (WVP) was
calculated according to the following equation.

WVP = (Aw).x

= 2o 100 (3)

Where Aw is the weight of water absorbed in the cup, x is the film thickness (mm), A is the area
of the exposed film (m?), At is the time for weight change (days), and p2-p1 is the differential of
water vapour pressure (kPa).

Results and Discussion

WMR extraction and analysis

The optimal extraction of bioactive compounds from watermelon rind (WMR) was achieved by
comparing two distinct maceration techniques: a hot plate stirrer and a water bath shaker. The hot
plate stirrer technique produced a higher Total Phenolic Content (5.68 + 0.47 mg GAE/g) than the
water bath shaker (3.56 + 0.59 mg GAE/g). Similarly, DPPH analysis showed greater antioxidant
activity with the hot plate stirrer (16.49 + 0.37%) compared to the water bath shaker (15.17 +
0.61%). The results demonstrated that the hot plate stirrer significantly enhanced extraction
efficiency, attributed to the synergistic effect of heat combined with dynamic, continuous agitation.
The superior results acknowledge that the combination of heat and vigorous stirring effectively
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facilitates cell wall breakdown and mass transfer, confirming the hot plate stirrer as the optimal
technique for producing WMRE.

Design matrix of CS-WRME thin films

A Two-level factorial design was employed to identify significant parameters and evaluate their
effects on the formulation of CS-WMRE thin films. Table 2 displays the results from the 30
iterations proposed by Design-Expert Software version 13. The screening results from the Two-
level factorial design revealed distinct optimal conditions for each film property. The highest
antioxidant activity (~50%) was achieved with a combination of 1% wt. chitosan, 60% wt.
glycerol, and 10% wt. WRME. The minimum antioxidant activity (~41.24%), was observed with
a film containing 3% wt. chitosan, 30% wt. of glycerol, and 10% wt. of WRME.

Table 2 Experimental results of Two-level factorial designs for CS-WMRE thin films.

No. of Chitosan Glycerol WRME Antioxidant Activity (%)
Experiment A B C Y,

1 3 30 5 45.43
2 3 60 5 45.33
3 1 30 10 47.09
4 3 60 5 44.02
5 1 60 10 50.27
6 3 30 5 45.55
7 2 45 7.5 45.86
8 2 45 7.5 45.09
9 1 60 5 48.08
10 1 30 5 44.57
11 3 30 10 41.18
12 1 30 5 43.58
13 1 30 5 44.08
14 2 45 7.5 45.67
15 1 60 5 48.18
16 3 60 10 46.75
17 3 30 5 44.26
18 2 45 7.5 45.23
19 2 45 7.5 46.87
20 2 45 7.5 45.43
21 3 60 10 45.75
22 3 60 5 45.76
23 1 60 10 49.85
24 3 60 10 45.8
25 3 30 10 41.18
26 3 30 10 41.37
27 1 30 10 48.08
28 1 60 10 49.87
29 1 30 10 46.88
30 1 60 5 47.78

Analysis of variance (ANOVA) of CS-WRME thin films

The ANOVA analysis for antioxidant activity shows that the p-value (<0.0001) is below the 0.001
threshold, and the model's F-value of 66.82 both demonstrate the model's relevance (Table 3). This
ANOVA analysis indicates a mere 0.01% probability that an F-value of this magnitude could arise
from random noise. In this scenario, the model terms A, B, C, AC, BC, and ABC are significant.
The model demonstrates a strong fit to the data, as indicated by the coefficient of determination
(R?). The R? (0.9551), which exceeds 0.09, indicates a strong fit between the experimental and
predicted values. This finding is directly attributable to the high concentration of antioxidant-rich
phenolic compounds in the WRME, with its highest level yielding the most pronounced
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antioxidant effect. The relationship between antioxidant activity and the three parameters is

represented by the codified linear regressions in the following equation.

Antioxidant activity (%) = 45.83 - 1.50A + 1.42B + 0.3104C - 0.2213AB - 1.00AC 4)
+0.4512BC + 0.7738 ABC

Table 3 ANOVA results for CS-WMRE thin film formulation.

Source Sum of Squares Mean Square  F-value  P-value
Model 149.42 21.35 66.82  <0.0001 significant
A-Chitosan 53.79 53.79 168.37 < 0.0001
B-Glycerol 48.71 48.71 152.46 <0.0001
C-WMRE 2.31 2.31 7.24 0.0134
AB 1.17 1.17 3.68 0.0682
AC 24.18 24.18 75.69  <0.0001
BC 4.89 4.89 15.30 0.0007
ABC 14.37 14.37 4498 <0.0001
Residual 7.03 0.3195
Lack of Fit 0.1394 0.1394 0.4249  0.5216  not significant
Pure Error 6.89 0.3280
Cor Total 156.45
R2 0.9551
Adjusted R? 0.9170

Normal plot of each parameter

As shown in Fig. 1, glycerol (B) and WMRE (C) are the most critical parameters for antioxidant
activity, with highly significant effects. They also demonstrated important synergistic effects
through BC and ABC interactions. In contrast, chitosan (A) and its interactions with the other
factors (AB and AC) had little impact on activity. This data suggests that although chitosan serves
as a structural backbone, its influence on antioxidant activity is limited compared to WMRE, likely
because WMRE's intrinsic phytochemical composition plays a significant role in radical
scavenging.

Functional groups and WVP

A broad band was observed at 3254.65-3257.02 cm™ corresponding to the O—H stretching
vibration, suggesting the presence of hydrogen bonding. A peak also observed at 2931.19-2933.61
cm' is associated with C—H stretching, whereas the band at 1405.86—1407.85 cm™ is linked to O—
H bending of phenolic groups, thereby confirming the existence of phenolic compounds in the thin
film. Phenolic groups enhance the antioxidant activity of the film, while hydrogen bonding
interactions are expected to influence the film's matrix integrity [13,14].

Water vapour permeability (WVP) is a key factor in assessing the moisture-barrier performance
of thin films. As shown in Table 4, WVP decreased with increasing amount of WMRE, indicating
enhanced resistance to moisture transport. Similar results have been reported in films containing
plant-based extracts, where such additives disrupt polymer chains and create longer pathways for
water diffusion [15]. The incorporation of WMRE may also enhance hydrogen bonding within the
film, limiting molecular movement and further reducing permeability [16]. These data demonstrate
WMRE's potential to improve barrier properties while upcycling agricultural waste.
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Figure 1 Normal probability plot of antioxidant activity of CS-WMRE thin film formulation.
Table 4 WVP of CS—-WMRE thin films at different formulations.

Thin film sample WVP (g/mm kPa.m?.h)
Low range
(CH:1%, GLY:30%, WMRE: 5%) 1.4003
Mid range
(CH:2%, GLY:45%, WMRE: 7.5%) 2.5080
High range 5 6500

(CH:3%, GLY:60%, WMRE: 10%)
Notes: CH=chitosan; GLY=glycerol

Conclusion

This study demonstrates the potential of CS—-WMRE thin films as sustainable materials for active
biopolymer packaging. Incorporating watermelon rind extract (WMRE) enhanced film
functionality while promoting waste valorization from agricultural residues. Extraction with 80%
methanol using hot plate stirring produced the highest Total Phenolic Content (TPC) (5.68 + 0.47
mg GAE/g) and antioxidant activity (16.49 + 0.37%). The addition of glycerol and chitosan
improved structural integrity and barrier properties. Screening via a Two-level factorial design
identified significant parameters affecting antioxidant activity, while FTIR confirmed the
incorporation of phenolic compounds. The water vapour permeability test indicated enhanced
barrier performance with the addition of WMRE. Overall, the results suggest that CS—“-WMRE thin
films exhibit favourable functional and environmental characteristics, underscoring their potential
as packaging materials that require moisture-barrier properties.
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Abstract. The growing demand for natural products underscores the need for efficient and
sustainable extraction of bioactives. Oleoresin from Syzygium Aromaticum (S.aromaticum) is
highly valued for its functional and therapeutic properties, with promising applications in the food
and nutraceuticals. This study employed subcritical water extraction (SWE) and full factorial
design (FFD) to assess four variables; particle size (0.2—15 mm), sample-to-solvent ratio (0.05—
0.25 g mL™), extraction temperature (120-180 °C), and extraction time (10-50 min) on the
oleoresin yield. The highest yield (53.9%) was obtained at 0.2 mm, 0.05 g mL™", 120 °C, and 50
min. Statistical analysis revealed that particle size and sample-to-solvent ratio as the most
significant factors, with a notable interaction between them. Main effects and interactions of all
factors were evaluated to provide mechanistic insights into the SWE process. The developed
regression model showed excellent predictive performance (R? = 0.97), supporting the robustness
of the factorial design for modelling S.aromaticum oleoresin extraction through SWE.

Introduction

Syzygium aromaticum (S.aromaticum) or locally known as clove is a widely used culinary and
medicinal spice. Its bioactivity is primarily attributed to phenylpropanoids (e.g. eugenol, eugenyl
acetate and P-caryophyllene, making clove extracts attractive for food, nutraceutical and
pharmaceutical application [1,2]. Oleoresin extracted from S.aromaticum is a viscous concentrate
that delivers the full clove flavour and exhibits significant antioxidant and antimicrobial activity,
largely attributable to eugenol, its major constituent. It contains both volatile essential oils
(aroma/flavour) and non-volatile resinous compounds (pigments, pungency, bioactives), which are
highly valuable for its flavour strength, stability and formulation versatility [3]. However, due to
its hydrophobicity, this oleoresin requires nonpolar organic solvents (e.g., hexane, ethyl acetate)
for extraction, which are typically harmful in nature.

Conventional solvent extraction can be efficient, but raises concerns over solvent residues,
safety and environmental burden, motivating green extraction strategies that reduce solvent use
and energy while maintaining product quality [4]. Subcritical water extraction (SWE) emerges as
promising alternative to conventional solvent extraction. Operating at 100—374 °C under pressure,
SWE exploits the temperature-driven decrease in water’s dielectric constant and viscosity to ‘tune’
solvent strength and accelerate mass transfer. This enables solubilisation from polar to moderately

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

72


mailto:aamirahhalim@unimap.edu.my
mailto:bsharifahzati@unimap,edu.my
mailto:crozainiabdullah@unimap.edu.my

Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 72-79 https://doi.org/10.21741/9781644903957-10

non-polar analytes while eliminating the need for harmful organic solvents, thereby reducing
solvent handling, cost, and environmental burden and enhancing product recovery [5,6]. These
features make SWE promising for S.aromaticum oleoresin, where simultaneous recovery of aroma
compounds and phenolics is desirable.

However, SWE performance depends strongly on operating factors such as temperature,
pressure, extraction time, liquid-to-solid ratio, particle size and potential thermal degradation,
necessitates statistically efficient experimentation. Factorial design allows concurrent evaluation
of main effects and interactions with minimal runs, offering robust insight for parameter screening
and process optimisation compared with one-factor-at-a-time trials. Accordingly, this study
applies factorial design to identify critical factors and interactions governing SWE of
S.aromaticum oleoresin, supporting greener, organic-solvent-free processing for food and health
products.

Materials and Methods

Fresh S.aromaticum buds were procured from a local supplier. Approximately 1.0 kg of material
were washed and rinsed to remove visible particulates, followed by air-dried to remove surface
moisture, then oven-dried at 40 °C for 24 h to constant mass to preserve thermo-labile constituents.
Dried samples were categorised as whole buds, coarse grind, and fine powder, with average
particle sizes of approximately of 15 mm, 1mm, and 0.2 mm, respectively. The prepared material
was stored in an airtight container at 4 °C until extraction.

Extraction of oleoresin via subcritical water extraction (SWE)

The SWE unit comprised an insulated, temperature-controlled oil bath. Silicone oil served as the
heat-transfer medium. Extractions were performed in a cylindrical 50 mL stainless-steel extractor
cell used to load and mix the sample and solvent. Auxiliary components included an ice bath for
rapid post-heating cooling of the extraction cell [7]. S.aromaticum sample was loaded in the
extraction cell and filled with ultrapure water at the specified solid—liquid ratio. A fixed solvent
volume of 20 mL was used, with sample mass adjusted accordingly. The silicone-oil bath was
preheated to 120—180 °C (above water’s the boiling point and below its critical point) which the
cell pressure conformed to saturation-steam properties around 2 to 10 bar. Once reached the set
temperature, the cell was immersed at predetermined extraction time, then was removed and
rapidly quenched in an ice bath. Subsequently, the extract was transferred to centrifuge tubes and
centrifuged at 4,000 rpm for 15 min to separate the oleoresin-rich supernatant from solid matrices.
The liquid fraction was collected, transferred to a clean bottle and the solvent was removed by
evaporation [7]. The oleoresin yield was determined gravimetrically using Eq. 1.

Weight of oleoresin (g)

Oleoresin Yield (% %) = x 100 (1)

Weigh of S.aromaticum (g)
Parametric studies by factorial design

A two-level full factorial design (FFD) was employed to quantify the effects of four process factors
tabulated in Table 1 on S.aromaticum oleoresin yield under SWE. Low (—1) and high (+1) levels
of each factor were selected from preliminary trials to span a practical operating window. Pressure,
solvent volume, and all other conditions were held constant to isolate the effects of A—D. All the
analyses were generated in Design-Expert® v13 (Stat-Ease, Minneapolis, MN, USA).
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Table 1 List of SWE factors and the corresponding treatment levels.

Low Level Centre Points High Level
Notation Factor Unit (0) (+1)
A Average Particle Size mm 1.0 15.0
B Sample-to-Solvent Ratio g/mL 0.15 0.25
C Extraction Temperature °C 150 180
D Extraction Time min 30 50

Result and Discussion

A randomised 19-run factorial including three replicated centre points tabulated in Table 2 were
executed as a single block to assess how the studied factors (A-D) can affect the experimental
response, Y (oleoresin yield).

Table 2 Design matrix for 2* FFD and the experimental responses (oleoresin yield).

Factor 1 Factor 2 Factor 3 Factor 4 Response
A: B: . . Y:
Std  Average Particle Sample-to-Solvent g;i);t::gr): D: E;(itrrraltgtlon Oleoresin
Size Ratio Yield
mm g/mL °C min %
1 0.2 0.05 120 10 44.19
2 15 0.05 120 10 4.40
3 0.2 0.25 120 10 22.99
4 15 0.25 120 10 0.92
5 0.2 0.05 180 10 46.40
6 15 0.05 180 10 4.40
7 0.2 0.25 180 10 20.26
8 15 0.25 180 10 2.28
9 0.2 0.05 120 50 53.90
10 15 0.05 120 50 14.00
11 0.2 0.25 120 50 29.46
12 15 0.25 120 50 5.00
13 0.2 0.05 180 50 39.90
14 15 0.05 180 50 27.00
15 0.2 0.25 180 50 16.06
16 15 0.25 180 50 17.16
17 1.0 0.15 150 30 37.96
18 1.0 0.15 150 30 40.83
19 1.0 0.15 150 30 39.40

Oleoresin yield (%Y) varied widely across the factorial runs ranging from 0.92% to 53.9%.
The maximum yield (53.9%) occurred at 120 °C, 50 min, 0.2 mm particle size and a sample-to-
solvent ratio of 0.05 g mL". Conversely, the minimum yield (0.92%) was obtained at 120 °C, 10
min, 15 mm particles size and a ratio of 0.25 g mL™".

Evaluation of main effects and interaction effects
The Pareto chart ranks standardised effect magnitudes (main factors and interactions) from largest
to smallest. Effects exceeding the Bonferroni limit are unequivocally significant, those between
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the Bonferroni limit and the t-value line are significant at o = 0.05 without Bonferroni adjustment
and those below both cut-offs are treated as non-significant (noise). From Fig. 1, the effects on
oleoresin yield, in descending importance is A>B > AB > D > AC > ACD > AD. CD and C are
non-significant effects but were retained under the model-hierarchy principle as components of
significant higher-order interactions (e.g., ACD).

Pareto Chart
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Figure 1 Pareto chart of effects.

The chart shows significant negative main effects for A and B: larger particles and higher
sample loads each reduce oleoresin yield. Factor A (particle size) was highly significant, mainly
due to wide size variation tested (whole buds, coarse grind, fine powder). For S.aromaticum,
smaller particles generally increase yield by reducing intraparticle diffusion resistance [1]. The
next most significant main factor, B, reveals that a high sample-to-solvent ratio (less solvent)
lowers yield by reducing the concentration driving force and promoting early solvent
saturation/equilibrium [8].The AB interaction is negatively significant, implying that, combining
large particles with limited solvent, depresses yield more than the sum of individual effects. This
synergistic is consistent with compounded mass-transfer limitations (reduced surface area, longer
diffusion paths) [1,8], together with early solvent saturation and poorer wetting under low solvent
availability [8].

The statistical significance was evaluated at a = 0.05; terms with p > 0.05 were treated as non-
significant. The ANOVA in Table 3 indicates that the factorial model is highly significant (F =
38.59 p <0.0001) and fits well (R*=0.97; adj-R? = 0.95; pred-R? = 0.92). The small adj-R>—pred-
R? difference (< 0.2) and Adeq. Precision of 20.16 (> 4) indicate a strong signal. Besides, lack-of-
fit is not significant (F = 8.76, p = 0.1062), supporting the adequacy of linear-by-interaction model.

Effect estimates align with the Pareto ranking; the largest negative main effects are the average
particle size (A) and sample-to-solvent ratio (B), with a strong negative AB interaction. Extraction
time (D) is positive and significant, as are AC, AD, and ACD, indicating that higher temperature
and longer time are most beneficial when particles are smaller.
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Table 3 Analysis of variance (ANOVA).

Source Sum of Squares Mean Square F-value p-value
Model 5032.68 559.19 38.59 <0.0001 significant
A-Average Particle Size 3137.72 3137.72 216.52 <0.0001
B-Sample-to-Solvent Ratio 900.90 900.90 62.17 <0.0001
C-Temperature 0.1225 0.1225 0.0085 0.9288
D-Time 200.51 200.51 13.84 0.0048
AB 316.66 316.66 21.85 0.0012
AC 185.23 185.23 12.78 0.0060
AD 130.42 130.42 9.00 0.0150
ACD 160.53 160.53 11.08 0.0088
Lack of Fit 126.31 18.04 8.76 0.1062 not significant
Std. Dev. 3.81 R? 0.97
Mean 24.55 Adjusted R? 0.95
CV. % 15.50 Predicted R? 0.92
Adequate Precision 20.16

Two-factor interaction (2FI) plots

Fig. 2(a—) shows two-factor interaction (2FI) plots (AB, AC, AD) with significant effects (P <
0.05). Non-parallel and non-crossing lines indicate an ordinal interaction, crossing lines denote a
crossover (qualitative) interaction and parallel lines imply no interaction. The slope of a line shows
how strongly the response changes with that factor at a fixed level of the other factor, and the
vertical gap between lines represents the size of the other factor’s main effect.

Fig. 2(a) shows non-parallel lines for the two sample-to-solvent (B) levels (0.05 and 0.25) g/mL
at fixed temperature (C, 150°C) and time (D, 30 mins) indicating a significant AB interaction and
implying that the effect of particle size (A) depends on the sample-to-solvent ratio. Across B levels,
larger particle size yields less oleoresin as comminution increases external interfacial area and
shortens diffusion paths, reducing internal mass-transfer resistance and accelerating solute release
[8]. Yield is higher at low B (0.05 g mL'; more solvent), and lower at high B (0.25 g mL™"; less
solvent). More solvent sustains the concentration driving force, improves wetting, and delays
solvent saturation. This trend is widely reported in solid-liquid extraction up to practical and
economic limits [9,10]. The slope for A is steeply negative at low B but only mildly negative at
high B, showing particle size matters most when sufficient solvent is available. Mechanistically,
more solvent removes external-phase limitations, so the benefit of smaller particles (greater area,
shorter diffusion length) is fully expressed. When solvent is limited, early saturation and increased
slurry viscosity suppress mass transfer, so further size reduction has a smaller incremental effect
[11].

Fig. 2(b) shows two nearly crossing lines for the two temperature levels (C = 120 and 180) °C
at fixed B (0.15 g mL™) and D (30 min). The non-parallel trend indicates an AC interaction,
implying that the effect of particle size depends on temperature. At both temperatures, yield
decreases as particles size increase, with the highest yield from fine particles (~0.2 mm). The
temperature effect is modest and size-dependent. This aligns with solid-liquid extraction
fundamentals; size reduction increases interfacial area and shortens diffusion paths, lowering
internal mass-transfer resistance [12]. In this study, temperature effects are small and context-
dependent. Generally, raising the temperature in SWE lowers water’s viscosity and dielectric
constant (reducing polarity), which will improve the diffusivity (mass transfer) and increase the
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solubility of nonpolar compounds such as oleoresins, respectively [13]. However, at the higher
setting (180 °C), partial degradation of thermolabile phenolics may offset gains [14].

(a) B: Sample-to-Solvent Ratio (g/mL) (b) C: Temperature (°C)
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Figure 2 Interaction plots of (a) AB, (b) AC and (c) AD.

At small particle size, the 120 °C line lies slightly above 180 °C, suggesting that when diffusion
paths are reduced, pushing temperature higher offers limited benefit and may begin to incur
thermal or hydrolytic losses. At large particle size, the 180 °C point sits above 120 °C, consistent
with temperature partly compensating stronger internal-diffusion limits of coarse particles barrier
by improving solvent transport properties. Hence, the non-parallel (crossover) lines reflect two
regimes; - (1) diffusion-controlled for coarse particles where higher temperature aid, and (i1) near-
equilibrium/chemistry-limited for fine particles where extra heating yields diminishing returns
[13].

Figure 2(c) shows two non-parallel lines for the time (D = 10 vs 50 min) at fixed B (0.15 g/mL)
and C (150 °C.) Oleoresin yields decrease as particles size (A) increase, and the gap between lines
widens at large A. With B and C held constant, extending time from 10 to 50 min yield only a
modest gain because extraction is rapid initially but then slows as equilibrium approached and
intraparticle diffusion becomes rate-limiting [15]. The time effect is minor for small particles but
pronounced for large particles. With small A, short diffusion paths allow most solute to be removed
within 10 min, so extending to 50 min has little impact. With large A, slower internal diffusion
means extra time partially compensates, increasing yield and producing the diverging pattern. This
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‘fast initial stage and slower diffusion-controlled stage’ behaviour is well documented in plant-
matrix extraction kinetics, explaining the observed AD interaction [15,16].

Conclusion

SWE is an efficient, organic-solvent-free route to recover S.aromaticum oleoresin, delivering
yields exceeding 50% within the studied range. FFD showed that particle size (A) and sample-to-
solvent ratio (B) dominate the response, with a strong negative AB interaction that makes the
coarse-particle/high-solids region least favourable. Extraction time (D) increases yield by
overcoming intraparticle diffusion limits, whereas temperature (C) has a modest, context-
dependent effect across 120—-180 °C. Practically, fine particles, ample solvent and sufficient time
are recommended, with temperature tuned to balance mass-transfer gains against potential
compositional changes. Model fit and diagnostics were significant (R>= 0.97) with non-significant
lack of fit. Future work should incorporate multi-response objectives (e.g. phenolic profile,
eugenol retention, antioxidant capacity), optimisation, as well as assessing scale-up variables to
guide industrial implementation.
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Abstract. Swietenia macrophylla, commonly known as “Tunjuk Langit,” has been reported to
exhibit antidiabetic properties, attributed to its high phytosterol content, with [-sitosterol
comprising approximately 66% of the total sterols in the extract. In this study, supercritical carbon
dioxide (SC-CO:) was used to extract oil from S.macrophylla, and the mass transfer behaviour was
modelled using the single sphere model (SSM). Key parameters namely the diffusion coefficient
(D.) and external mass transfer coefficient (ky) were estimated based on experimental data. The D.
values ranged from 1.0104 x 107" to 17.912 x 10~'* m?/s, while ks varied between 0.7115 x 10°®
and 3.9919 x 10°° m/s. Biot numbers consistently exceeded 500 across all parameters, confirming
that internal diffusion governs the SC-CO: extraction process of S.macrophylla. The results
highlight the importance of considering both internal diffusion and external film resistance when
modelling extraction kinetics to achieve accurate process predictions.

Introduction

Plants are a rich source of diverse bioactive compounds such as phytochemicals, flavors, perfumes,
and pigments that play a crucial role in the production of nutraceuticals. In fact, the global market
for plant extracts is projected to expand at a compound annual growth rate (CAGR) of 11.2% from
2024 to 2031 [1]. A clear example is S.macrophylla, commonly known as tropical mahogany, is a
versatile species of the Meliaceae family that thrives in well-drained soils while tolerating a broad
range of environmental conditions; native to Southeast Asia and now widely cultivated across
tropical regions including Africa and the Pacific Islands [2]. This species is highly valued not only
for its premium timber but also for its significant medicinal properties. Notably, the presence of 3-
sitosterol, a phytosterol acclaimed for its cholesterol-lowering [3], anti-inflammatory [4], and
antioxidant effects [5], further underscores the S.macrophylla medicinal potential. These
multifaceted benefits not only validate the longstanding traditional use of S. macrophylla in diverse
therapeutic practices but also underscore their potential as a natural resource for developing
innovative, health-promoting interventions.

Superecritical carbon dioxide (SC-CO:) extraction has been widely explored for its effectiveness
in isolating bioactive compounds from natural plant matrices [6,7]. As a non-toxic, non-
flammable, and chemically inert solvent, CO: provides a clean extraction medium that can be
easily removed from the final product through depressurization, minimizing residual solvent
contamination [8]. Its classification as generally recognized as safe (GRAS) by both the European
Food Safety Authority (EFSA) and the U.S. Food and Drug Administration (FDA) further
underscores its suitability for applications in food, pharmaceutical, and nutraceutical industries

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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[9,10]. One of the key advantages of SC-CO: extraction lies in its relatively mild critical pressure
(7.38 MPa) and temperature (31.1 °C), which create a thermally stable environment conducive to
preserving heat-sensitive bioactive compounds. Furthermore, the mass transfer properties of
supercritical fluids are significantly more favorable than those of conventional liquid solvents, as
solute diffusivities in SC-CO: are typically an order of magnitude higher, and its viscosity is
considerably lower [11]. As a result, SC-CO: extraction not only enhances solute transport within
the plant matrix but also accelerates the overall process, often achieving complete extraction within
a fraction of the time required for traditional liquid solvent methods. These advantages collectively
position SC-CO: extraction as a highly efficient, sustainable, and scalable technique for obtaining
high-purity bioactive compounds from plant materials. Moreover, selecting a model that accurately
reflects the actual solute distribution is essential for reliably determining key parameters, such as
diffusion and mass transfer coefficients. Among the various approaches, the single sphere model
(SSM) has emerged as the preferred method due to its simplicity and effectiveness in representing
the distribution of extractable oil within the particle structure, whether on the surface, within pores,
or uniformly dispersed in cells. The aim of this work is to determine diffusion and mass transfer
coefficient of the extraction process of the galls by fitting the SSM on the experimental data.

Single Sphere Model Fitting
The single sphere model (SSM), introduced by Crank in 1975, examines the relationship between
particle size and the diffusion coefficient. In this model, a high diffusion coefficient signifies an
efficient extraction process. The model is developed based on the following assumptions [12,13]:
(a) The solid matrix is represented as a homogeneous sphere, with particles of uniform size and
an even distribution of extractable material at the beginning of extraction.
(b) The mass transfer resistance of the fluid is zero.
(c) The extraction stages are uniform across all particles in the bed.
(d) The solute to be extracted moves through the matrix in a manner similar to diffusion.
(e) The extraction process is primarily governed by internal diffusion control, with intraparticle
diffusion being the key factor.
The rate of solute that transport radially across an internal surface within spherical and isotropic
particles takes the form of Fick’s law,
] = —4nr?De (O_C) (D
B or
where,

J =mass flux (kg/m?s)

C = solute concentration inside the particle at radius r (kg of solute/m? of particle)

D. = diffusivity or coefficient of diffusion (m?*/s)

The following initial and boundary conditions are applied based on the stated assumptions:

C = C,, 0<r<Rt=0 (2)
aC
—=0,r=0 allt (3)
or
q=0,r=R allt 4

If the solute concentration in the bulk solvent phase is low and the solute film resistance is
negligible, then the equation derived by [14] to solve the diffusion coefficient is,

oM, 6~ 1  D,tn’m?
I e o ®
n-—1

where,

M; = total amount of solute diffused at time t (g)
M= total amount of solute (g)

n = number of iterations
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R = radius of sphere (m)

¢t = time (s)

A precise diffusion equation may not always provide an accurate representation of the extraction
phenomena occurring in natural materials, as these processes are often complex and not well-
defined. Consequently, a linear driving force approach proves to be a more practical and effective
simplification method for describing the extraction of natural materials. In this case, it is assumed
that both internal and external mass transfer processes can be reasonably modeled by the linear
driving force approximation, which is derived based on a parabolic concentration profile within
the particle [15]. For spherical particles, the overall mass transfer coefficient, 4, is defined in Eq.
7, and is determined using the Biot (B7) number.

B; = D, (6)

k
e = —= 7

1+ f
The external mass transfer coefficient (ky) can be determined through the Sherwood number (S#).
ked

_

Sh = D] €))

Typically, the Sherwood (S#) number is expressed as a function of the Reynolds number, Re =

% and the Schmidt (Sc) number, where Sc = =

Re from 3 to 3000 and Sc from 0.5 to 10,000 is provided by [16].
Sh =2+ 1.1Re%65¢033 9)
For conditions involving supercritical velocities ranging from 4.4x107 to 3.1x102 cm/s , and Re
values from 2 to 40 and Sc from 2 to 40, the correlation is given by [6].
Sh = 0.38Re%835¢033 (10)
To compute the extraction yield, various parameters, including physical and mass transfer
properties, must be determined based on the relevant equations. The physical properties of the
seeds, such as particle density (ps) and bulk density (py), were measured experimentally. The

. The correlation applicable over the range of

porosity of the ground-dried raw material was then calculated using the relation, ¢ = 1 — (%).
S

Results and Discussion

The accuracy of the SSM fitting was assessed using the average absolute relative deviation
(AARD%). Based on Table 1, all parameter showed AARD values ranged from approximately
4.7% to 14.19%, which is within the acceptable range for extraction modelling reported by [17].
Highest AARD (14.19%) was recorded for the run at 50 °C, 20 MPa, and 0.5 mm particle size,
indicating that under these specific conditions, the model assumptions did not fully capture the
actual extraction dynamics. On the other hand, the lowest AARD value of 4.72% was observed at
60 °C, 25 MPa, and 0.5 mm. This contrasts with a study on extraction of sinensetin from
Orthosiphon stamineus leaves, which reported good fits for small particles even at low pressures
[10].

An increase in temperature typically led to higher D. values as seen in Table 1, supporting better
internal mass transfer. For instance, at 20 MPa and 1.5 mm, D, increased from 9.04 x 10713 m?/s at
40 °C to 11.36 x 107"* m*s at 60 °C, matching the known effect of temperature reducing CO:
viscosity and enhancing diffusivity [18,19]. However, this trend is not uniform and it can be
observed at 0.5 mm and 20 MPa, D. was relatively low (1.21 x 107'* m?/s) at 60 °C, even though
itreached 13.37 x 107"* m?/s at 50 °C. In general, a higher diffusivity coefficient reflects more high
mass transfer between SC-CO> and solutes. When D. increases, it helps solutes migrate more
quickly from the solid matrix into the solvent, accelerating extraction. Conversely, lower D, values
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suggest that the solvent struggles to penetrate and diffuse through the particle pores, pointing to
stronger resistance within the solid phase itself [20]. This suggests that despite temperature
benefits, matrix structure or compactness of raw material can limit diffusion at small particle sizes,
consistent with findings [21].

The data also reveal how pressure effect mass transfer. Theoretically, higher pressure should
increase CO: density and raise D., but the effect depends on particle size and temperature. For
instance, at 25 MPa, 40 °C and 1.5 mm, D, reached 17.91 x 10'> m?/s, the highest measured yet at
30 MPa, D, dropped slightly to 15.35 x 107"* m?%s. For smaller particles, pressure had a clearer
effect whereby at (20 MPa, 40 °C, 1 mm), D. increased from 2.86 X 107* m?%/s to 4.67 x 107> m?/s
at 30 MPa. This shows that increasing pressure often improves diffusion, but compaction or
reduced porosity due to compress from high pressure may slightly limit D, [22].

The extraction kinetics of S.macrophylla seeds using SC-CO: reveal how temperature, pressure,
and particle size interact to influence both internal and external mass transfer. Based on the data,
the effective diffusivity (D.) ranged broadly, from 1.01 x 1073 to 17.91 x 10~"* m?%s, while the
external mass transfer coefficient (k) varied between 0.71 x 107¢ and 3.99 x 1076 m/s. Bi numbers
mostly exceeded 500, indicating internal diffusion dominates overall control, yet variations in ks
and D. reveal significant external film resistance under certain conditions.

Table 1 Calculated mass transfer parameters using single sphere model.

P T d Dex 1013 Re Scx10° Shx10®*  Kx10°® Kpx10® Bix10®*  AARD
(MPa)  (°C)  (mm)  (m’7) (ms™) (ms™) (%)
20 40 0.5 1.4281 92.4 5.4410  2.9277  0.8362 0.2846 1.4639  6.08
20 40 1.5 9.0409 216.3  0.8595 2.6360  1.5888 0.6004 1.3180  6.80
20 40 1 2.8614 157.62  2.7157 3.1979 0.9150 0.2852 1.5989 743
20 50 1 6.4295 175.02 1.0885 25111 1.6145 0.6404 1.2555  5.87
20 50 0.5 13.374 102.67 0.5233  1.4293  3.8233 2.6563 0.7147 14.19
20 50 1.5 10.978 240.26  0.6375 2.5408 1.8596 0.7290 1.2704  6.40
20 60 1.5 11.360 25931 0.5708 2.5636  1.9416 0.7544 1.2818  6.07
20 60 0.5 1.2073 110.81  5.3706  3.2492  0.7845 0.2407 1.6246  5.84
20 60 1 2.2410 188.89  2.8934 3.6406 0.8158 0.2234 1.8203  7.22
25 40 1 6.9537 164.49  1.0708 2.4063 1.6732 0.6924 1.2031  5.23
25 40 0.5 14.626 96.50  0.5091 13647 3.9919 2.9039 0.6823  5.23
25 40 1.5 17.912 225.81 04157 21231 2.5354 1.1885 1.0616  5.16
25 50 1 4.9954 185.72  1.3202 2.7748  1.3861 0.4977 1.3874  5.59
25 50 0.5 1.8070 108.95  3.6496 2.8279  1.0220 0.3601 1.4140  5.48
25 50 1.5 16.390 25495 0.4024 2.2588  2.4681 1.0878 1.1294 539
25 60 1 2.2410 20439  2.6740 3.7179 0.8332 0.2235 1.8589  5.50
25 60 0.5 1.0103 11991 59310 3.5210 0.7115 0.2015 1.7605  4.72
25 60 1.5 11.338 280.59  0.5285 2.6198  1.9802 0.7530 1.3099 598
30 40 1.5 15.353 233.94  0.4681 22562 23092 1.0190 1.1281  5.88
30 40 0.5 1.8261 99.977 3.9358 2.7542  1.0059 0.3639 1.3771  5.31
30 40 1 4.6742 170.41  1.5377  2.7727  1.2960 0.4657 1.3863  5.59
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30 50 1 6.9122 193.94 09137 25193 1.7413 0.6884 1.2596  5.81
30 50 0.5 1.8728 113.78 3.3721 2.8269 1.0588 0.3732 1.4135  5.64
30 50 1.5 15.893 266.25 0.3974 23086  2.4460 1.0549 1.1543  5.81
30 60 0.5 1.4281 92473 54410 29277 0.8362 0.3494 1.4639  5.88
30 60 1.5 9.0409 216.38  0.8595 2.6360  1.5888 0.9384 1.3180  5.93
30 60 1 2.8614 157.62  2.7157 3.1979 0.9150 0.6199 1.5989 590

Fig. 1 at 50 °C, discrepancies become more pronounced, especially at lower pressure and small
particle size, leading to the highest AARD. Steeper initial slopes in the curve for 20 MPa, 50 °C
and 0.5 mm reflect faster solute release and improved mass transfer, supported by D. values
reaching up to 13.37 x 107! m?/s however is only evident in the model data and does not appear
clearly in the experimental curve. Fig. 2 shows pressure effect, where the model closely follows
experimental data at the beginning and for smaller particle sizes. However, noticeable differences
appear over longer extraction times, reflecting slower internal diffusion [23,24].
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Figure 1 Single sphere model fitted the mass transfer of extraction yield at varying
temperatures: (a) 40 °C, 0.5 mm, (b) 50 °C, 0.5 mm and (c) 60 °C, 0.5 mm.
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Figure 2 Single sphere model fitted the mass transfer of extraction yield at varying pressures.
(a) 20 MPa, 0.5 mm, (b) 25 MPa, 0.5 mm and (c) 30 MPa, 0.5 mm.

Similar trends were reported in other studies under comparable low-pressure conditions, indicating
that external film resistance can influence model predictions even when internal diffusion appears
dominant [10]. At higher temperatures (60 °C), the model and experimental data exhibit closer
agreement across all pressure and particle size conditions, with AARD values ranging from 4.71%
to 7.20%. Asides that, this pattern supports earlier findings that higher temperature improves
internal diffusion by reducing CO: viscosity [18,19,25], consistent with reported D. values under
high temperature and moderate pressure
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Conclusion

This study showed that the SSM effectively described the SC-CO; extraction of S.macrophylla
seeds, with Biot numbers above 500 indicating internal diffusion as the dominant controlling
mechanism. The D, ranged from 1.0104 x 1073 to 17.912 x 1073 m?/s, while ks varied between
approximately 0.711 x 107 and 3.991 x10°m/s. Across the tested conditions, the AARD
remained mostly below 15%, confirming good agreement between model and experimental data.
Both D. and k7 generally increased with higher temperature and pressure, supporting higher 4.
However, at high pressure, D. sometimes decreased slightly due to pore compaction effects,
highlighting that optimal process conditions require balancing internal diffusion and external
transfer. Overall, the results confirm that while internal diffusion mainly governs extraction,
external film resistance remains significant under certain conditions, and jointly optimizing these
factors is essential for improved efficiency.
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Abstract. Amygdalin is one of the compounds contributing to the major pharmacological
properties of Prunus armeniaca kernels. Clinical trials have proved the anticancer activity of
amygdalin, and its pharmacological activities such as antioxidant, anti-inflammatory, anti-tumor,
anti-bacterial, anti-fibrotic and many more. This study was to investigate the effect of extraction
parameters such as temperature, solvent ratio and particles size on ground P. armeniaca kernels
powder to obtain the high extraction yield of amygdalin. Ultrasonic assisted extraction (UAE) was
utilized to recover amygdalin from the kernels. The operating variables such as temperatures (27-
60°C), ethanol concentration (10-90%) and particle size (20-40 mesh) were varied using the
technique of one-factor-at-a-time (OFAT) for optimization. The results found that the extraction
temperature of 60°C in 70% ethanol using mesh 40 (400 um) of particle size exhibited the highest
concentration of amygdalin 326.92+3.11 mg/g of extract powder. The lowest and the highest of
amygdalin content of samples were also compared for their anti-oxidant potential by correlating
their radical scavenging ability (DPPH and ABTS) and reducing power (FRAP). The kernels
extract with the highest amygdalin content showed higher anti-oxidant capacity in both DPPH and
FRAP assays with the effective concentration at 137.92+21.87 mg GAE/100g and 101.19+0.14
mg GAE/100g, respectively. However, there was no significant difference for the ABTS results
between the lowest and highest amygdalin content of P. armeniaca kernels extract. Albumin assay
showed the significant anti-inflammatory action (32.48+609.70 g DCFE/100g). As a conclusion,
the optimization of UAE produced higher content of amygdalin and enhanced better anti-oxidant
and anti-inflammatory properties of P. armeniaca kernels.

Introduction

Prunus armeniaca is commonly known as apricot from the genus of prunus in the Rosaceae family.
P. armeniaca has been cultivated in China domestically over 3,000 years ago. It has been
introduced to Europe through Greece and Italy by the Romans and also brought into North America
by English travelers. Hence, it is extensively cultivated and widely found throughout Middle Asia,
Caucasus, Iran, Pakistan and China nowadays. P. armeniaca is a species surviving in the cool
temperate climate region. It survive in winter hardy with temperatures down to -30°C, but it is
sensitive to unstable and fluctuations of winter temperature [1].

P. armeniaca seeds are rich in proteins, carbohydrates, phenolic compounds, flavonoids or
polyphenols, carotenoids, unsaturated fatty acids, phytosterols and many more [2]. The bitterness
of P. armeniaca kernels is the sign of the existence of amygdalin [3]. Amygdalin is an active
substance present in the seeds of about 800 plants and mostly exist in plant of the Rosaceae or
Prunus seeds. Other than prunus seeds, amygdalin presents in the seeds of grapes, olives and
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buckwheat [4]. Amygdalin is one of the major compounds in P. armeniaca seeds. It has been
reviewed in about 100 over papers for its in vivo and in vitro studies. These studies included its
pharmacological activities such as antioxidant, anti-inflammatory, anti-tumor, anti-bacterial, anti-
fibrotic, immunoregulatory, immunomodulatory and anti-apoptotic properties to improve the
neurodegeneration and myocardial hypertrophy, as well as reducing blood glucose [5]. Scientists
have intensively carried out studies on the pharmacological properties of amygdalin. Clinical trials
have proved the anticancer properties of amygdalin without any harmful effects on the human
body and healthy cells. Amygdalin has been proven for its activities inhabiting abnormal cells and
metabolic diseases [6].

Many extraction techniques have been applied to extract amygdalin from P. armeniaca kernels.
Most techniques showed the importance of extraction variables such as temperature, solvent and
particle size of P. armeniaca kernel in affecting the extraction efficiency. The influence of
temperature is important to optimize the efficiency of extraction method. Elevated temperature is
possible to increase the solubility rate to a higher extent by changing the extractant polarity [7].
However, too high temperature might cause some inevitable consequence like thermal degradation
[8]. Previous studies reported that amygdalin was not soluble in non-polar solvents, moderately
soluble in water, and highly soluble in ethanol [9]. Ethanol could be the choice of solvent in term
of its effectiveness and less toxicity. Particle size affects the extraction yield by influencing the
mass transfer of amygdalin during extraction. Greater surface area would consequently increase
the mass transfer and enhance the penetration into the sample matrix of kernels. However,
optimization is strongly required as extremely coarse and fine particles caused a decline in
isoflavone recovery from soybean extract [10].

In this study, ultrasonic assisted extraction (UAE) was utilized to recover amygdalin from P.
armeniaca kernels. It possesses many advantages including as a cost-effective green extraction
technique, besides contributing to eco-friendliness, cost effectiveness, safety, rapidity, versatility
and simplicity. UAE has less consumption of energy and time, and thus reducing the usage of
expensive organic solvents [8]. The optimum parameters such as temperature, solvent ratio and
particles size were optimized to recover the highest yield of amygdalin along with its high
antioxidant and anti-inflammatory potentials. The finding of this study would benefit the
pharmaceutical industries in order to obtain the highest amygdalin content of P. armeniaca extract.
The amygdalin extract can be efficiently utilized in treating various types of metabolic diseases,
as an additive to cosmetics and body care products.

Methodology

The P. armeniaca kernels were purchased from Gilgit—Baltistan, northern Pakistan. A kilogram of
the kernels was ground and sieved into the particle sizes of 20-60 mesh. The ground particles were
packed in vacuum and stored in a chiller at 5°C Gasparini et al. [11]. Standard amygdalin (99.8%
purity) was purchased from Merck (Malaysia). Reagents such as 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were sourced from
Sigma Aldrich. Sodium acetate anhydrous was bought from LabChem. Phosphate buffer saline
(PBS) was purchased from R&M Chemicals Evergreen Malaysia. The other chemicals such as
potassium persulfate, hydrochloric acid (37%, 12M), 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ) and
Iron (IIT) chloride were purchased from Merck (Malaysia). Ethanol (absolute 99.8%) and acetic
acid glacial were purchased from ChemAR SYSTERM. HPLC grade methanol was bought from
Fisher Scientific (Malaysia).

QSonica MSX-Q500200 sonicator was used to extract amygdalin from ground P. armeniaca
kernels (10 g). OFAT method was used to optimize the extraction process. The extraction variables
such as temperature (27-60°C), ethanol concentration (10 to 90%) and particle size (20-60 mesh)
were varied at the fixed extraction time, 15 min. After extraction, samples were transferred into
the centrifugal tubes and proceeded for centrifugation at 10,000 rpm using a centrifuge (Kubota

88



Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 87-97 https://doi.org/10.21741/9781644903957-12

Refrigerated Centrifuge model 5922) for 10 min. The harvested supernatant was concentrated
under reduced pressure using a vacuum rotary evaporator (Heidolph brand, Germany) at 40°C with
170 rpm and 90 Mbar of vacuum pressure. The concentrated extract was frozen for -20°C and
proceeded for freeze drying using a Labogene freeze drier from Denmark for 24 h at temperature
-44°C to -51°C. The weight of the dried extract was recorded. P. armeniaca extracts were kept in
amber glass bottles and stored in a refrigerator at -4°C until further analysis.

High performance liquid chromatograph (Perkin Elmer A10 Altus,) was used to separate and
quantify amygdalin in samples. This analysis was performed according to the method described
by Ozturk et al. [12]. P. armeniaca extracts and standard amygdalin were reconstituted in 50%
ethanol separately. They were diluted to various concentrations from 2500 to 10,000 mg/L and 10
to 2,000 mg/L, respectively. The separation of amygdalin was executed by passing through the P.
armeniaca kernel extract solution through a column (4.6 x 150 mm) at 0.7 mL/min. The mobile
phase was methanol and distilled water at a ratio of 20:80. The total run time was 15 min. The
column temperature was set at 25°C. Amygdalin was detected by a photodiode array detector
(PDA) at 215 nm. The detection of amygdalin was based on the retention time as detected for
standard amygdalin. The sample solution was filtered with 0.22 pm nylon filter before injection.
The injection volume was 10 pL.

The antioxidant activity of P. armeniaca kernels extracts were determined using free radical
scavenging activity assay. DPPH (2,2-diphenyl-2-picrylhydrazyl) was used to generate free
radicals in the assay. This study was performed by referring to the method described by Qin et al.
[13] with some modifications. The presence of anti-oxidative compounds in P. armeniaca kernel
extracts would decolorize the DPPH reagent. DPPH solution (0.1 mM) was prepared in 50 mL
methanol (99.9%). The extracts were reconstituted in methanol and prepared at the different
concentrations ranged from 200-1000 mg/L by serial dilution. An aliquot of 0.75 mL DPPH
solution was added into 2.25 mL sample in a tube. The solution was mixed well and incubated for
30 min in the dark condition. The absorbance of sample was measured using an ultraviolet-visible
spectrophotometer (SHIMADZU UV-2600, Kyoto, Japan) at 517 nm. The experiments were
performed in triplicate. The antioxidant activity was calculated in the percentage of radical
scavenging activity as expressed in Eq. (1), where Aconwol 1 the absorbance of DPPH solution
without sample and Asample 1S the absorbance of DPPH solution in the presence of sample solution.

Acontrol — A l
DPPH Radical Scavenging Activity = contro Samp’e x 100
Acontrol (1)

The concentration of P. armeniaca kernel extract required to scavenge 50% of DPPH free radicals
was expressed as IC50. Gallic acid was used as the standard chemical for the assay. The results
are expressed in Gallic Acid Equivalent (mg GAE/100g).

ABTS assay was used to determine the reducing ability potential in P. armeniaca kernel extract.
The experiment was executed based on the method performed by Qin et al. [13] with some
modifications. ABTS and potassium persulfate reagents were dissolved in distilled water and
prepared at the concentration of 7 mM and 2.45 mM, respectively. The solutions were mixed up
thoroughly with the same volume and stored in a dark place for 16 h at room temperature. The
solution was diluted with approximately 65 mL distilled water to the absorbance of 0.750+0.005
at 734 nm using a UV-Vis spectrophotometer. Sample was reconstituted in distilled water and
prepared to the concentration 125 to 2000 mg/L with serial dilution. Then, an aliquot of 0.75 mL
sample was added to 2.25 mL ABTS solution and incubated in the dark place at room temperature
for 7 min. The mixture was measured for its absorbance at 734 nm. The experiment was performed
in triplicate. The reducing effect of samples against ABTS radical cations was calculated in the
percentage of radical cation reducing activity as expressed in Eq. (2), where Aconwl is the
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absorbance of ABTS without sample and Asample 1s the absorbance of the ABTS solution in the
presence of P. armeniaca kernel extract.

Acontrol — A l
ABTS Radical Cation Reducing Activity = contro Sampze X 100%
Acontrol 2)

The concentration of P. armeniaca kernel extract required to reduce 50% of the radical cations
was expressed as ICso. Gallic acid was used as the standard chemical for the assay. The results are
expressed in Gallic Acid Equivalent (mg GAE/100g).

FRAP assay is a colorimetric method to measure the antioxidant ability of sample to reduce
colourless complex (Fe**-TPTZ) to ferrous blue coloured Fe?". The experiment was conducted
based on the procedure described by Skroza et al. [14] with modification. FRAP reagent was
prepared freshly by mixing 10 mM TPTZ solution into 40 mM hydrochloric acid (HCI, 37%), 0.3
M acetate buffer at pH 3.6 and 20 mM ferric chloride (FeCls) in the ratio of 1:10:1. The FRAP
solution was wrapped with aluminium foil and incubated in the dark place at 37°C. P. armeniaca
kernel extract was reconstituted in distilled water and prepared in the concentration from 125 -
2000 mg/L by serial dilution. An aliquot of 1.5 mL extract was added into 1.5 mL FRAP reagent
solution and the mixture was left for 6 min. The absorbance of the mixture was measured using a
UV-Vis spectrophotometer at 593 nm. The experiment was executed in triplicate. The reducing
ability of sample was measured in the percentage of ferric reducing power according to the formula
as stated in Eq. (3) where Acontrol Was the absorbance of the mixture of FRAP reagent with 2.5
mg/L of gallic acid, whereas Aplank Was the absorbance of FRAP solution without sample and
Asample Was the absorbance in the presence of sample.

. .. Asample — Ablank
FRAP Reducing Activity = X 1009
8 Y Acontrol — Ablank % (3)

The antioxidative ability of sample against FRAP reagent was expressed in the required
concentration of samples to reduce 50% of Fe** to Fe?". The results are expressed as IC50. The
reducing ability of gallic acid was used as positive control.

Albumin is coagulable protein and it was used to evaluate the anti-inflammatory potential of
samples. The assay of egg albumin denaturization was used to access the anti-inflammatory
activity. This was carried out by inducing the denaturization of globular in egg albumin protein.
The procedure of the assay was carried out referring to the method described by Malik et al. [15].
Egg albumin (10%) solution was homogenized in 0.2 mL distilled water and topped up to 2.8 mL
phosphate buffer saline (PBS at pH 7.4). Sample was reconstituted in distilled water and prepared
in the concentration of 250 to 2000 mg/L by serial dilution. An aliquot of 2 mL extract solution
was added into 3 mL albumin in PBS. The mixture was incubated for 20 min at 37°C to enable the
interaction between sample and albumin. Subsequently, the mixture was heated at 70°C for 5 min
in water bath in order to induce the denaturation of globular in egg albumin. The heated solution
was measured for its absorbance using a UV-Vis spectrophotometer at 660 nm. This experiment
was proceeded in triplicate.

The anti-inflammatory potential is the ability of sample to inhibit the denaturation of protein
albumin in term of biological activity and chemical structure when the albumin exposed to heat.
Optical observation was used to measure the extent of albumin denaturization based on the
transition of clear solution to cloudy solution. The presence of anti-inflammatory compounds
would be able to remain the clarity of solution after heating. The absorbance of the mixture was
measured at 660 nm. The inhibition of albumin denaturization can be calculated using the formula
as stated in the Eq. (4) where Acontrol 1S the absorbance of denatured albumin protein without sample
and Asample 1s the absorbance of albumin in the presence of sample.
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Acontrol — A l
Albumin Protein Denature = contro Samp-e X 100%
Acontrol 4)

The required concentration of P. armeniaca kernel extract to denature 50% of egg albumin was
expressed as ICso. The value was furthermore compared to diclofenac which was used as positive
control. The results are expressed as Diclofenac Equivalent (mg DE/100g).

Results and Discussion

In this study, UAE was chosen as the extraction method for P. armeniaca kernel. The method has
been used widely due to its green process. The operating variables such as temperatures (27-60°C),
ethanol concentration (0-100%) and particle size (20-40 mesh) of ground kernel were varied to
determine their effects on the extraction yield and amygdalin content.

Pure amygdalin was prepared in six concentrations ranged from 10-2000 mg/L. The
chromatogram of the standard solutions are shown with the peak area of 122.64x10% to 23.63x10°
AU whereby it exhibited at 10.387-10.430 min of retention time. The calibration curve of the pure
amygdalin is well presented as a regression linear with R? = 0.9999. The S15 represents sample
without amygdalin and S35 exhibits the highest content of amygdalin. The extract samples were
analyzed at three concentrations ranged from 2.5-10 g/L. The results showed that the extraction
of S15 sample at the particular extraction conditions was unable to isolate amygdalin content from
the ground apricot kernels. The extraction of S35 sample exerted a better extraction result of
9.36x10° to 36.09x10° AU of peak area at 10.421 to 10.427 min of retention time with the well
fitted linear regression where R? = 0.9999.

Temperature plays a vital role in optimizing the extraction process. High temperature might
degrade the thermolabile of bioactive compound and contaminate the extraction yield [16].
Amygdalin content at 60°C gave the highest amount (212.92433.05 mg/g) in P. Armeniaca extract.
The extraction at 27°C exerted the lowest content of amygdalin (22.63+10.07 mg/g) in the extract
despite it presented the highest yield of P. armeniaca extract (125.67+12.50 mg/g). The extraction
of P. armeniaca kernels with UAE at 27 to 60°C was able to increase the amount of amygdalin.
The increased temperature enhanced the solubility and extractant polarity rate to a higher extent
and subsequently increased the compound diffusivity to improve its mass transfer from matrices.
The lowest concentration of amygdalin in the present study where extracted at 27°C in 50% ethanol
was still higher than the value reported by Wang et al. [17] who harvested only 5.586 mg/g
amygdalin after soaking P. armeniaca kernels for 24 h in 40 mL water at 30°C.

Furthermore, the extract at low extraction temperature was hygroscopic, possibly due to the
presence of sugars or polysaccharides in the extract. The stickiness was also observed for the 40°C
extract. UAE extraction at higher temperature 50°C and 60°C was sufficient to transmit the energy
and pressure to produce cavitation and form bubbles in liquid to interact with the sample matrices,
subsequently affects the increased of solubility and reduced the viscosity of solvent, and thus
increasing the mass transfer of solutes. The microbubbles created during cavitation destroyed the
cell wall of matrices and broken the bonding of polysaccharides into smaller sugar units such as
glucoses. It was found that the extracts at 50°C and 60°C were less sticky than the extracts at lower
temperatures. The optimum temperature was 60°C which was near to the boiling point (78°C) of
solvent, 50% ethanol.

In the subsequent optimization process, the ethanol concentration was varied from (10%-90%
ethanol), while the other parameters were kept constant at 60°C using the particle size less than
400 pm (mesh > 40). The amygdalin content of P. armeniaca kernel extract varied among four
solvent compositions. The 90% ethanol extract exhibited the highest concentration of amygdalin
(314.76+14.91 mg/g). It was found that the second highest amygdalin content was from the 70%
ethanol extract which contained about 6.17% slightly lower of amygdalin (295.35+12.63 mg/g)
than the 90% ethanol extract. Despite the variance was statistically insignificant, 70% ethanol
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extract was preferable due to its extract yield (111.2749.40 mg/g) was exerted about 43% higher
than 90% ethanol extract (77.25+25.28 mg/g). The results revealed that lower ethanol
concentration, as 10% and 30% ethanol in this study, was not effective to extract amygdalin from
P. armeniaca kernel. A higher ethanol concentration was preferable for amygdalin extraction as
reported by Savic et al. [18]. This study proved the importance of solvent selection to efficiently
extract amygdalin from P. armeniaca kernels. The results revealed that 70% ethanol was the most
suitable solvent composition which was then fixed for the following study. The studies of Ozturk
et al. [12] reported that the application of UAE at 35 kHz for extracting amygdalin from different
species of bitter almond kernels. They found that 25 citric acid could produce comparable result
(36.79£1.47 mg/g) with the sample in the present study, even though with 20 kHz sonication.
However, they applied longer extraction time (30 min) which was double than the present study
(15 min). They also reported that acetonitrile and water were unable to extract amygdalin.

Amygdalin was not soluble in non-polar solvent, severely soluble in ethanol and moderately
soluble in water [9]. Therefore, the binary solvent system of aqueous ethanol was chosen in the
present study. The results revealed that higher composition of ethanol was more favorable for
amygdalin extraction. The work of Savic et al. [18] used reflux method to perform amygdalin
extraction in 100% ethanol at 34.4°C for 2 h. They obtained high yield of 253 mg/g amygdalin in
their experiments [18]. Ramadan et al. [19] compared the amygdalin content of P. armeniaca
kernel extract extracted from 99.9% ethanol and 70% ethanol with 6% citric acid by soaking at
55°C for 100 min. Although they used high ethanol concentration in the solvent system, the results
were lower which were 57.20 mg/g and 102.20 mg/g extract, respectively than the present study
[19]. UAE was more effective than the soaking method as the cavitation generated by bubbles
enhancing extraction by promoting mass transfer and improving diffusion.

Amygdalin content in mesh 40 indicated the highest of amygdalin content (326.92+3.11 mg/g)
whereby it was slightly higher (1.28%) than mesh 30 (322.79+12.29 mg/g) in the extract whereas
mesh 30 was presented the highest extract yield (112.00+£8.89 mg/g) where it was 1.49% higher
than mesh 40 (110.33+ 4.51 mg/g). Both meshes of particle size of 20 mesh and 25 mesh were
revealed the lowest of harvested of extract yield and amygdalin content. The smaller particle size
with the mesh between 30 and 40 produced higher extract yield and amygdalin content. A smaller
particle size would create higher surface area which facilitates the diffusion of amygdalin during
extraction. Statistical comparison indicated that amygdalin content in the kernel extract showed a
significant difference between mesh 20 and 40, but insignificant for the rest. It also statistically
analysed that the variance for extract yield was insignificant except for mesh 25 and mesh 40.
These interpretations clearly defined that mesh 40 was more reliable and practical compared to
mesh 30 due to mesh 40 has the best of standard deviation among four meshes variable in extract
yield and amygdalin content. By this study proven that the different particle size 20 mesh (841
um) to 40 mesh (400 um) able to influence the efficiency of extraction which contributing the
increased of extract yield powder and amygdalin content although there were insignificant
different between the variable particle size but it contributes towards the optimization, stability
and efficiency of the extraction.

The extraction of P. armeniaca was optimized by variable of temperature (27-60°C), solvent
composition (10%-90%) of ethanol and particle size (2040 mesh) by OFAT method. The
variables were represented by 36 samples which were experimented in triplicate for each parameter
of extraction. It indicates that the elevated temperature (27-60°C) exerted the increment of
amygdalin content (22.63+10.07 to 212.92+33.05 mg/g), elevation of ethanol composition (10%-
90%) promoted the increased of amygdalin content (0 to 314.76+14.91 mg/g) and the smaller of
particle size 2040 mesh (841-400 pm) influence the escalation of amygdalin content
(289.18+20.39 to 326.9243.11 mg/g) in P. armeniaca extract. Fig. 1 demonstrates amygdalin
content in 36 samples contributed into 12 parameters in vary which was P. armeniaca extract
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powder. In this study two samples with the lowest and highest amygdalin content have to be chosen
with the data justification to be studied for bio assay in term of anti-oxidant and anti-inflammatory
effect.
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Figure 1 36 Samples of amygdalin content (mg/g) in P. armeniaca extraction powder with
variable temperature, solvent composition and mesh.

As discussed earlier, extraction parameter of temperature 60°C, solvent 70% ethanol-water and
mesh 40 of particle size demonstrated the highest content of amygdalin in P. armeniaca extract.
This parameter was represented by S34, S35 and S36 whereby S35 demonstrated the highest
content of amygdalin 329.92 mg/g in extract powder. Therefore, S35 has been chosen for most
practical sample in term of the best amygdalin content recovery to be experimented for bio assay.
In other hand, S15 has been selected as the worst amygdalin content recovery to be experimented
for bio assay.

Comparison between the highest (S35) and the lowest (S15) content of amygdalin in term of
extraction parameter was fortified in the bio-assay experiment in order to certify the optimization
of the UAE extraction parameter. The best and the worst parameter of extraction were chosen and
studied for bio-assay which involved anti-oxidant and anti-inflammatory. DPPH solution was
decolorized for the samples tested from violet to yellow during the mixture of DPPH solution with
the extract solution. Decolorized from violet to yellow was the physical sign towards the
scavenging effect of the sample over anti-oxidant activity. Scavenging effect of S35 and S15 were
analyzed and detected by UV-Vis at 517 nm wavelength exerted significant value (P<0.05) where
the P value was 1.39x107. Linear graph for different concentration for both samples demonstrated
well regression of R? = 0.9939 and 0.9777. Radical scavenging of DPPH assay exhibited that S35
resulted the higher value 137.92+21.87 mgGAE/100g than S15 which is 35.89+4.76 mgGAE/100g
as shown in Fig. 2 subsequently validated that S35 gave more effect towards DPPH radical
scavenging antioxidant activity.

ABTS solution was decolorized from bluish green (turquoise) to lighter color upon the mixture
of ABTS solution to P. armeniaca extract solution. Decolorized transition exhibits the physical
sign towards the reducing effect of the sample over ABTS radical cation thus determined the value
of anti-oxidant activity. Reducing effect was analyzed and detected by UV-Vis at 734nm
wavelength with different concentration where the linear graph was plotted with well regression
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obtained for both samples R? = 0.9903 and 0.9862. Both samples were indicated insignificant
(P>0.05) different for ABTS antioxidant value where P = 0.577. Fig. 2(a) showed the value of
ABTS antioxidant assay where S35 resulted the slightly lower value 147.09+0.30 mgGAE/100g
than S15 which was 147.53+1.23 mgGAE/100g. Both values have validated that S15 exhibited
insignificant and slightly higher (0.44 mgGAE/100g) and better value for reducing ABTS radical
cation thus determined that S35 and S15 gave an even effect towards antioxidant activity on ABTS
assay.
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Figure 2 (a) Anti-Oxidant bio assay (mgGAE/100g) of DPPH, ABTS and FRAP for samples S15
and S35, (b) anti-inflammatory bio assay (mgDCFE/100g) of albumin protein denature for
samples S15 and S35.

FRAP solution was colorized from clear to blue colour upon the mixture of Ferric solution to
P. armeniaca extract solution. Colorized transition exhibits the physical sign towards the ferric
reducing effect of the sample over anti-oxidant activity. Both samples presented that the reducing
of ferric exceeded 50% of reduction but ANOV A analysis indicates a significant (P<0.05) different
with P =7.90x107'°, Linear graph for different concentration at absorbance of 593 nm has exhibited
well regression for FRAP assay to both samples S35 and S15 with R? = 0.9995 and 0.9980. Fig.
2(a) shows the reducing power for FRAP assay value where S15 resulted much lower value
76.71+£0.01 mgGAE/100g than S35 which was 101.19+0.14 mgGAE/100g. Both values indicated
that S35 gave much higher and better value for ferric reducing power potential therefore
determined that S35 gave far more potential towards antioxidant activity.

Albumin protein denature is the method that utilized egg albumin denaturation assay in order
to observe that the sample of extract yield able to inhibit egg albumin change to denatured under
particular condition. Since albumin is coagulable protein, it was used to experiment the
inflammatory potential effect of the particular samples. In other words, the anti-inflammatory
effect is the capability of the sample to stop the protein albumin changes in term of biological
activity and chemical structure. Heat was used as denaturing factor to which was applied to
denature albumin by transforming its biological structure. The inhibition of Albumin protein
denatured by S35 and S15 has been observed and clarified by UV-Vis absorption spectra graph at
the absorbance of 660 nm. S35 has shown great inhibition towards albumin denaturization with
93.72% inhibition at 2000mg/L with well regression of R? = 0.9822 on linear graph plotting toward
multiple concentration and it was exceeding 50% of inhibition. S15 has demonstrated opposite
with irregular effect 6.86% of inhibition at 2000 mg/L concentration with irregular and poorly
regression of R?> = 0.3421 on the linear graph.

Fig. 2(b) presented the value of anti-inflammatory effect over P. armeniaca extract in
diclofenac equivalent for albumin protease denaturation assay. This experiment clarified that a
significant different (P<0.05) for the capability to inhibits the albumin protein denaturization with
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P =7.17x107 in between S35 and S15. The figure shows that sample S35 exerted the higher value
of anti-inflammatory effect 32.48+609.70 gDCFE/100g as compared with S15 which was
5.95+£599.14 gDCFE/100g. Both values indicates that S35 has far better value for inhibiting the
albumin protease denaturation. Horozi¢ et al. [20] was reporting that P. armeniaca extraction by
maceration, UAE and Soxhlet extraction techniques using ultrapure water solvent obtained the
highest result of DPPH 99.76 mgGAE/100g. Alam et al. [21] was experimented towards
Clinacanthus nutans Lindau on the arial part using methanol, ethanol and petroleum ether reported
antioxidant result on DPPH 99.42 + 6.59 mgGAE/100g. In other experiment done by Pérez-
Jiménez et al. [22] shows that the free radical scavenging activity of DPPH towards P. armeniaca
extract around 99 mgGAE/100g. Wu et al. [23] gone through the experiment on P. armeniaca
from different cultivars and origins also indicates the potential of antioxidant free radical
scavenging of DPPH value from 99.47+2.70 to 114.714+0.02 mgGAE/100g. Others antioxidant
assay indicated by Fan et al. [24] towards antioxidant using ABTS assay shows the significant of
capability apricot kernels to reduce ABTS radical with antioxidant value 158.50+0.80
mgGAE/100g as compared to its pulp and peel.

From our studies indicates that the optimized UAE extraction method with optimized parameter
of temperature extraction, solvent ethanol-water composition and mesh of particle size able to
affect the higher amount of amygdalin, antioxidant and anti-inflammatory. These indications were
validated towards S15 sample which was presented the lowest amount of amygdalin demonstrated
the lower value of DPPH and FRAP antioxidant assay and presented as well towards the lower
value inhibition of albumin protein denature for anti-inflammatory potential. As compared to S35
sample which was presented the highest amount of amygdalin demonstrated the higher value of
DPPH and FRAP although ABTS antioxidant assay showed the insignificant different value
between S15 and S35 which were the lowest and the highest of amygdalin content respectively.
Anti-inflammatory effect also was validated the significant higher value of albumin protein
denature for S35 as compared to S15. In the study, a few types of apricot kernels were extracted
using water as a solvent at a maintained temperature of 40°C for 3 h extraction under the optimized
condition. This reviewed study presented the highest amygdalin amount obtained by Zerdali
(50.67+0.08 mg/g) and the lowest was Kabasi apricot kernels (1.40+0.06 mg/g) subsequently show
the significant different with FRAP assay where Ferric reducing antioxidant assay presented
significant value 2.63+0.39 Zerdali and 1.01+£0.65 FE/g for the Kabasi. It was also significant
different value for ABTS antioxidant assay where 1155.5£10 and 915.5+15 TE/g were reported as
the value to Zerdali and Kabasi where were the highest and lowest amount of amygdalin
respectively. But the result of DPPH antioxidant assay was insignificant in term of different value
for both Zerdali and Kabasi which were 220.1+5 and 209.2+4 TE/g, respectively [25].

Conclusion

Ultrasonic assisted extraction (UAE) with optimization of parameter temperature, solvent
composition and particle able to increase the amount of amygdalin thus enhance the capability of
antioxidant and anti-inflammatory potential. From the study proven that increased of temperature
to 60°C, addition of ethanol-solvent to 70% and the thinner of particle size able to extract higher
of amygdalin content and elevate the antioxidant and anti-inflammatory activity. In future may
study for the other solvent composition such as citric acid, methanol and acetone nitrile with higher
temperature with utilization of the other modern technology of extraction that able to reduce
consumption of time and solvent cost and be able to increase higher recovery of particular
substances.
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Abstract. Zinc chloride (ZnClz) is one of the most frequently used chemical activators for the
synthesis of porous adsorbent. However, ZnCl: activator is constrained by the corrosive nature of
zinc cations (Zn*") and accumulation of chemical waste, posing a significant environmental
concern. To address these issues, the potential of recycling the ZnCl. recovered from washing
filtrate is explored as a resource utilization strategy. Lipid condensate, a by-product from the
sterilization process in palm oil mill is proposed as a precursor for activation using the recovered
ZnCl. washing filtrate. Preliminary insights suggest that the absorption performance of the
absorbent produced with recovered ZnCl> may exhibit a comparable result to that prepared using
fresh ZnCl.. Nevertheless, further reuse of the activator beyond the first cycle of recovered ZnCl.
may results in a significant decline of adsorption performance. This commentary highlights a
practical approach for ZnCl. recovery aimed at reducing environmental burden while maximizing
the utilization efficiency of ZnCl..

Introduction
Palm oil mill effluent (POME) is recognized as one of the main contributors to water pollution in
Malaysia, with a pollution load reported to be up to 100 times higher than municipal sewage [1,2].
In recent years, the palm oil industry has generated between 50 to 70 million m* of wastewater
during its product processing [3]. Lipid condensate, a brownish effluent by-product generated from
sterilization process in palm oil mill is one of the major sources of POME. It is rich in organic
matter and content high amounts of chemical oxygen demand (COD), biological oxygen demand
(BOD) and suspended solids [4,5]. If discharged without proper treatment, this waste can cause
severe environmental issues such as eutrophication and soil pollution. One of the promising
pathways of lipid condensate utilization is by converting this material into activated carbon (AC).
Its utilization as a precursor for AC synthesis through ZnCl, activation holds a promising
valorization pathway for palm oil waste streams. However, during the impregnation and activation
stage, a large volume of ZnCl is typically consumed, leaving significant fraction remaining in the
post-treatment effluent [6]. Frequent use of single-use ZnCl, leads to accumulation of chemical-
laden wastewater, posing severe risks of ZnCl, leaching into aquatic ecosystems and impairing
soil health. By developing a sustainable strategy to recover and recycle ZnCl> from lipid
condensate derived AC, this helps in minimizing the environmental burden while simultaneously
reducing the production cost of AC.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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To address this issue, this study proposed a strategy for ZnCl recovery from washing filtrate
in post-activation stage as solution. The approach to recovered ZnCl; can still be able to perform
effective activation, yielding results comparable with one produced with fresh ZnCl,. Several
studies have proven the effectiveness of recycled ZnCl in activation of AC [6,7,8]. In this study,
the potential of ZnCl, recovery is reviewed for converting lipid condensate into AC for dye
removal. The aim of this approach is to minimize the chemical effluent accumulated associated
with ZnCly, thus contributing to better sustainable management in activated carbon production.
This solution aligns with the United Nations Sustainable Development Goal 12 emphasizing
Responsible Consumption and Production, promoting a circular economy within the industrial
sector.

Activation Mechanism of ZnCl:

AC typically exhibits an amorphous and non-graphitic micro crystalline with a turbostratic
structure [9,10]. This structure formed when AC undergoes two main stages: carbonization and
activation [9,10,11,12]. During carbonization process, the precursor is heated at elevated
temperature (500-700°C) in an inert atmosphere (e.g., nitrogen or argon) [9,13]. This process
removes the volatile component within the precursor to produce a rudimentary carbon matrix.
Meanwhile, activation process has role in developing porous structure and enhancing the surface
area of the AC. Activation approaches are categorized into physical activation and chemical
activation. Physical activation is a method of employing oxidizing gases such as CO» or steam at
elevated temperature [14] while chemical activation involves the use of chemical activation such
as ZnCly, KOH and H>SOg4 as dehydrating catalyst for pore formation development [9,10]. Prior
studies have reported that chemical activation is among the preferred methods as it yields better
results based on surface areas formation, pore size distribution and adsorption capacity at lower
activation temperatures compared to physical activation [11].

Activation agents are mainly responsible for altering the thermal decomposition pathway and
aid in developing micropores and mesopores in the carbon char upon impregnation. Different
activators formed distinctive pore types and yield [10]. Among other activators, ZnCl» has been
extensively employed in AC synthesis owing to its strong dehydrating capability and ability to
produce well-developed porous carbon. Its unique characteristics as Lewis acid help in lowering
the decomposition temperature of lignocellulosic and cellulosic components in precursor [11,15].
This helps in facilitating the breakdown of precursor while removing moist without melting it
during heat treatment (carbonization). The strong dehydration effect plays role in removing oxygen
and hydrogen in the form of water while stabilizing the carbon structure. The presence of zinc ions
(Zn*") is responsible for assisting the aromatization of carbon structure while ZnO prevents the
carbon structure from collapsing [12]. As the structure stabilizes, more microspores and mesopores
are developed within carbon structure, resulting in high surface area.

During activation stage, ZnCl. acts as dehydrating agent to react with water released from
scission of glycosidic bond and elimination of carboxyl and hydroxyl groups to form intermediates
Zn>0OCL.2H>0 [6,16]. This intermediate, resembles a cement like material is mainly in amorphous
phase with minor of crystalline phase, can be found within the AC at temperature of 400-500°C
[16]. Subsequently, at temperature above 400°C, the intermediate is decomposed into volatile
ZnClz, ZnO and steam under pyrolysis [6,16]. Egs. (1)-(2) show the chemical reactions involved.
After activation, the unreacted ZnCl. and ZnO remain within the carbon structure which needs to
be removed through washing procedure.

27ZnClz2 + 3H2,0 — Zn,0Cl,2.2H>0 + 2HCI (D)
Zn,0Cl2.2H20 — ZnCl: + ZnO + 2H,0 (2)
ZnO (s) +2HCI (aq) — ZnCl: (aq) + 2H20 (aq) 3)

Recovery of ZnClz can be achieved by washing with either water or dilute acid (commonly
HCI). When washing the with water, the unreacted ZnCl> remain within the carbon structure
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dissolved into the washing filtrate. While washing with acid like HCI will further converts ZnO
back into ZnCl: as shown in Eq. (3). Thus, the washing filtrate will contain both regenerate ZnCl»
(for acid washing) and unreacted ZnCl, which can be recycled for subsequent activation. This
procedure also assists in clearing the blocked pore channels, exposing additional pore and helping
to neutralize the AC [6].

Material and Methods

Lipid condensate was obtained from the sterilizer of palm oil mill in Johor state of Malaysia. The
chemicals used, zinc chloride (ZnCl2) and methylene blue were supplied by R&M Chemicals
(Essex, UK). All the chemicals were analytically graded and used directly as received.

A10 g of lipid condensate was mixed with ZnCl., as the activator according to predetermined
ratios of 1:2 (lipid condensate: activator). The mixture was stirred thoroughly to ensure even
distribution of the activation agent within the lipid condensate. The obtained samples undergo
pyrolysis in a furnace at 600°C for 1.5 h, fostering porosity and the desired activation level in the
carbon material. The resulting AC was washed with distilled water on a hot plate stirrer to ensure
complete elimination of the activating agent. Subsequent to the washing procedure, the sample
was dried in an oven overnight. The recovered ZnCl. from washing filtrate was reused for another
activation process. A new batch of 10 g of lipid condensate was mixed with the recovered ZnCl.
and dried in an oven overnight before undergoing activation in the furnace, following the same
conditions as the initial procedure. This step was repeated for another second recovered ZnCl.
cycle. The surface area of the lipid condensate AC was measured by BET at liquid nitrogen
adsorption of 77 K, using Micromeritics ASAP 2020 analyzer.

The preparation of methylene blue (MB) solution was carried out by dissolving the dye in
distilled water to produce a series of concentrations ranging from 10 mg/L to 500 mg/L. The
adsorption experiment was conducted by introducing 20 mg of activated carbon into 20 mL of the
MB solution. The mixture was maintained at room temperature and allowed to equilibrate for 7
days. The equilibrium adsorption capacity (g.) was calculated using Eq. (4),

I V\fe)v @)
where C, denoted as initial concentration (mg/L), C. as equilibrium concentration (mg/L), V as
volume of dye solution (L) and W as mass of adsorbent (g).

Results and Discussion

Characteristics of AC

The yield and surface area of lipid condensate AC are presented in Table 1. Lipid condensate AC
prepared with fresh ZnCl, produced the highest yield compared to ACs obtained using recycled
ZnCly (ZR1: 21.96%; ZR2: 18.64%). This trend exhibited a gradual reduction of yield in
subsequent activation of AC, implying that the effective amount of ZnCl, available becomes lesser
with each reuse. During pyrolysis process in subsequent activations, some parts of ZnCl, may have
volatilized and evaporated while some remained trapped within the carbon channels or on the
surface [17]. This reduced the recovery efficiency of the activator. Thus, limited amount of ZnCl»
was present during activation to facilitate the release of volatile matter, which resulted in lowered
yield of recovered samples.

In contrast with the surface area values, sample ZR 1 generates higher surface area (205.74 m?/g)
in comparison with sample Z2 (25.44 m?/g) and ZR2 (8.99 m?/g). These data suggest that the first
cycle of recovered ZnCl, has promoted further pore development during subsequent activation.
According to [6], ZnClz is not consumed during activation stage as it is regarded as dehydrant.
ZnCl is converted into intermediates known as Zn,OCl.2H>0 and further decompose into ZnO
[6,16]. Thus, during washing procedure, the washing filtrate is concentrated with recoverable
ZnCl., as large portion of unreacted ZnCl: dissolves in the effluent due to its high-water solubility.
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This indicate that the first cycle of recovered ZnCl; can still performed it capability in pore
development. However, the surface area of second cycle of AC (ZR2) shows a drastic decline
compared to other samples, likely due to partial pore collapse as low amount of ZnCl, remaining
in the washing filtrate.

Table 1 Yield and surface area of lipid condensate AC samples.

Sample This work Palm kernel shell [8] Lotus root [6]
#) ZR1 ZR2 F-AC® R-ACY F-AC® R-ACY

Yield (%) 2544 2196 18.64 70.70 51.40 33.50 48.70

Surface area (m%/g) 107.62 205.74  8.99 858 345 1560 908.8

°AC activated by fresh activator, AC activated by recovered activator

These findings highlight the importance of ZnCl, as activator in facilitating the yield and
porosity development in AC synthesis. Similar findings can be observed from prior studies on the
use of recovered activators in AC adsorption. A study by [8] has showed that ZnCl. can be
effectively recovered and reuse through washing with water for subsequent activation. In this
study, the recycled ZnCl, can still produce good surface area of 345 m?/g compared to 858 m?/g
obtained using fresh ZnCl, for methylene blue removal. Although the recycled ZnClz resulted in a
lower surface area, the adsorption performance remained acceptable while significantly reduced
chemical cost. Acid washing procedure, on the other hand provides higher recovery efficiency yet
generates acidic wastewater that requires neutralization. A study by [6] found that activation with
recycled ZnCl, through acid washing higher yield (48.7%) compared to activation from fresh
ZnCl, (33.5%), with surface area of 908.08 m?/g which is comparable to the first-round activation
(1560 m?/g). Another method for ZnCl, recovery includes modified vacuum pyrolysis (MVP) [7].
In his work, it reported to achieved recovery of ZnCl; over 99.99% without generating wastewater,
while displaying higher adsorption capability compared to traditional pyrolysis method. However,
this method is constrained by its complex vacuum system, extensive energy usage as well as tight
control of temperature-pressure conditions which makes it unsuitable for low-cost operations.

Fig. 1 depicts the surface morphology of the samples obtained from scanning electron
microscopy (SEM). The effectiveness of sample adsorption performance surface area corresponds
to the pore size distribution and surface functionality. As observed, sample Z2 and ZR1 display
clear pores, cracks and widened openings formed during pyrolysis process. This is due to the
presence of ZnCl> which act as dehydrating agent and facilitates removing the volatile matters
from the carbon matrix. As the result, irregular pores and non-uniform pore channels were formed
within the samples. Meanwhile for sample ZR2, the sample shows a more compact surface area
with fewer distinguishable pores due to partial pore collapse and limited activation in second
recovery cycle. These observations correspond well with the surface area results, where sample
ZR1 recorded at the highest result, followed by sample Z2 while sample ZR2 exhibits lower
surface area due to limited ZnCl, availability in the washing filtrate for the second recovery cycle.
Overall, with the pore structure as shown in sample Z2 and ZR1, these AC able to promote better
accessibility for larger MB molecules during adsorption process.
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Figure 1 SEM images of (a) Z2, (b) ZRI and (c) ZR2.

Equilibrium adsorption

Fig. 2 shows the equilibrium adsorption of MB dye by lipid condensate AC. In general, the
adsorption process takes place when methylene blue molecules transfer from aqueous phase to the
solid surface, where the molecules interact with active site of the AC and subsequently diffuse into
the internal pores. In this work, the AC samples were tested with MB concentrations ranging from
510 500 mg/L. An increase in dye concentration resulted in higher adsorption capacity of AC, with
dye concentration gradient acting as the driving force.
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Figure 2 Equilibrium adsorption of MB dye onto AC.

Table 2 Isotherm constant for MB adsorption by lipid condensate AC.

72 ZR1 ZR2

Langmuir

gm (Mg/g) 168.669 142911 10.24
ki (L/mg) 0.133 0.101 0.811
R? 0.968 0.951 0.116
Freundlich

kr (mg/g)(L/mg)"" 43.629 36.0 6.051
n 3918 3.957 7.374
R? 0.947 0.796 0.165
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At higher dye concentrations, the movement of dye molecules was enhanced by the stronger
concentration gradient, thus overcoming the mass transfer resistance at solid phase [18,19].

The variation in adsorption performance can be observed among the AC samples even though
they were prepared at the same impregnation ratio. The differences were mainly due to the
recovery cycle of ZnCl.. Sample Z2 displayed the highest maximum adsorption capacity of 183.73
mg/g, followed by ZR1 with 177.16 mg/g meanwhile ZR2 only showed low capacity of 11.74
mg/g. Sample Z2 and ZR1 performed superior results due to larger numbers of accessible pores
and active site presence in the AC. While sample ZR2 poor performance is due to its
underdeveloped porosity and limited surface area. These findings demonstrate the importance of
pore developments in adsorption performance of AC.

The findings were further fitted to Langmuir and Freundlich models to understand the
adsorption mechanism of the AC. These data were calculated through non-linear regression using
Solver of MS Excel. Table 2 summarizes the isotherm constants of Langmuir and Freundlich
models for methylene blue adsorption by lipid condensate AC. From Table 2, Langmuir model
provided the best fit for adsorption data compared to Freundlich model where sample Z2 and ZR1
recorded with high coefficient of determination (R?) of 0.968 and 0.951, respectively. This
suggests that adsorption of these samples had mainly occurred through the monolayer coverage on
homogeneous surface [20]. In contrast with sample ZR2, both models displayed poor agreement
results, confirming that the sample is not an effective AC under the tested conditions. The
Langmuir constant, &z is a significant parameter that reflects the adsorption affinity between the
adsorbent and dye molecules at low concentrations. Table 2 shows that sample Z2 (k;, = 0.133)
and ZR1 (k2 = 0.101) have relatively high affinity toward methylene blue dye, indicating stronger
interactions at low concentrations.

The Freundlich isotherm constants also demonstrated a favourable adsorption result where n
values of sample Z2 and ZR1 were recorded as 3.918 and 3.957, respectively. Yet, sample ZR2
showed an unusually high » value (7.374) with poor correlation, suggesting unreliable fitting. The
Freundlich constants, kr values for sample Z2 (43.6) and ZR1 (36.0) were also higher in
comparison to sample ZR2, validating its stronger adsorption capacity and affinity at the stated
conditions.

Conclusion

This study demonstrated the recovery and reuse of ZnCl» for lipid condensate-based AC synthesis.
The results showed that the first cycle of recovered ZnClz produced AC with higher surface area
(205.74 m?/g) compared to lipid condensate activated with fresh ZnCl> (107.62 m?/g), while
maintaining comparable adsorption capacity (177.16 mg/g) and yield (21.96%). However, the
subsequent activation using recovered ZnCl resulted in a drastic decline in both surface area
(18.64 m?/g) and adsorption capacity (11.74 mg/g), indicating the limited availability of ZnCl,
remained in the recovered solution for effective activation. Overall, these findings highlight the
potential strategy for minimizing reliance on single-use chemicals while offering a practical and
scalable pathway for sustainable AC production by reducing costs, improving resource efficiency
and supporting cleaner processing of palm oil industry waste.
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Abstract. Upgrading biogas by removing COs- is essential to increase its energy value and usability
as a clean fuel. This study compares three CO: absorption techniques using simulation: chemical
absorption with monoethanolamine (MEA), diethanolamine (DEA), methyl diethanolamine
(MDEA) with piperazine (PZ), and physical absorption with water. The MEA, DEA, and
MDEA/PZ systems were simulated using Aspen HYSYS, while water scrubbing was simulated
using Aspen Plus. The simulations used standardized biogas composition and analyzed the effect
of parameters such as solvent concentration, temperature, pressure, and liquid-to-gas (L/G) ratio.
MEA showed a maximum removal efficiency of 99.28% at 35 mol% and 60°C. MDEA/PZ
performed well under low-pressure conditions, with improved absorption due to PZ activation.
Water scrubbing showed better CO2 removal at higher pressures and L/G ratios, but was less
selective than amine solvents. The results highlight trade-offs between chemical and physical
absorption: amine-based systems offer higher efficiency but may involve higher regeneration
costs, while water scrubbing provides a more straightforward and cost-effective option. This study
provides valuable insights for selecting efficient and sustainable biogas upgrading methods.

Introduction

The rapid depletion of fossil fuels and their associated greenhouse gas emissions have accelerated
the search for cleaner and more sustainable energy alternatives. Fossil-based resources such as oil,
natural gas, and coal have been extensively utilized for centuries, resulting in enormous CO:
emissions that contribute to global warming and climate change [1]. Regions with high energy
consumption, including the European Union, the USA, and China, have enacted policies to reduce
reliance on fossil fuels, with targets such as increasing renewable energy use and cutting
greenhouse gas emissions by 2030 [2]. In this context, biogas has emerged as a promising
renewable energy source that can play an important role in reducing environmental impacts while
meeting growing energy demands.

Biogas is produced through anaerobic digestion of organic matter, including agricultural
residues, livestock manure, agro-industrial waste, and municipal sewage sludge [3,4]. Its
composition typically consists of methane (CHa4, 35—75%) and carbon dioxide (CO2, 15-60%),
with small amounts of hydrogen sulfide (H2S), ammonia (NH3), water vapor, and other trace gases
[5,6]. The presence of CO: lowers the heating value of biogas, while H2S contributes to corrosion
of engine and pipeline components. Furthermore, uncontrolled CO: emissions from biogas
combustion can exacerbate greenhouse effects and global warming [7]. Consequently, biogas
upgrading—removing CO: and other impurities to produce biomethane with high CH4 content—
has become a crucial step to expand the utilization of biogas in electricity generation, natural gas
grid injection, transportation fuels, and fuel cells [8,9].

A variety of upgrading technologies are available, including pressure swing adsorption (PSA),
membrane separation, cryogenic separation, physical absorption using water scrubbing, and
chemical absorption using solvents [10—12]. Among these, water scrubbing and amine-based
chemical absorption are the most widely adopted due to their high efficiency and practical

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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feasibility. Water scrubbing offers simplicity, low toxicity, and the simultaneous removal of CO-
and H:S, though it requires significant water usage and is less selective [13,14]. Chemical
absorption using alkanolamine solvents such as monoethanolamine (MEA), diethanolamine
(DEA), and methyl diethanolamine (MDEA) is highly effective, providing low methane losses and
high CO: selectivity [15-17]. Nevertheless, amine-based systems often incur high energy
consumption during solvent regeneration and may lead to corrosion or solvent degradation over
time [18].

Process simulation has proven to be a powerful tool to evaluate and optimize biogas upgrading
techniques. Aspen HYSYS is widely used for modeling chemical absorption processes, while
Aspen Plus is frequently employed for physical absorption and water scrubbing simulations [19].
Previous studies have shown that MEA achieves very high CO: removal efficiencies, while blends
such as MDEA with piperazine (PZ) offer lower regeneration energy requirements [20].
Meanwhile, water scrubbing performance is strongly influenced by absorber pressure and liquid-
to-gas (L/G) ratios [21]. Despite these advances, few studies have systematically compared amine-
based and water scrubbing systems under consistent simulation frameworks, leaving a gap in
understanding their relative advantages and limitations.

This study addresses this gap by conducting a simulation-based comparative analysis of
chemical and physical absorption techniques for CO2 removal from biogas. Using Aspen HYSYS,
the performance of MEA, DEA, and MDEA/PZ solvents was evaluated under different operating
conditions, while Aspen Plus was employed to model a water scrubbing system. Key parameters,
including solvent concentration, absorber temperature, gas flow rate, absorber pressure, and liquid-
to-gas ratio, were systematically investigated. The findings provide a comprehensive assessment
of the strengths and weaknesses of both absorption approaches, offering practical insights for
optimizing biogas upgrading strategies toward more sustainable and economically viable
applications.

Process Simulation Model

This study employed Aspen HYSYS and Aspen Plus process simulators to evaluate and compare
the performance of chemical and physical absorption techniques for CO2 removal from biogas.
Three simulation models were developed and validated: (i) MEA absorption in Aspen HYSYS,
(i1) alternative amine solvents (DEA and MDEA with PZ) in Aspen HYSYS, and (iii) water
scrubbing in Aspen Plus. The raw biogas feed was standardized across all models to enable fair
comparison. Based on literature data [13], the feed composition was defined as 60% CHa, 38.9%
COz, 300 ppm H2S, 0.5% N2, and 0.5% O:. Operating pressures and flow rates were adjusted in
each case according to the process requirements.

The first simulation model focused on MEA for CO: capture. Aspen HYSYS v11 was used with
the Acid Gas—Chemical Solvent property package. The absorber was modeled as a counter-current
packed column with 10 stages. Biogas was introduced at the bottom at 4 bar, while a lean MEA
stream at 45°C was fed from the top. A compressor and cooler were used to condition the biogas
feed. Rich MEA exiting the absorber was regenerated in a 22-stage stripper operating at 7 bar,
with a heat exchanger and reboiler facilitating solvent recovery. A recycle stream, make-up water,
and solvent adjustments were incorporated to achieve convergence. Parameters studied included
MEA concentration (15-35 mol%), absorber temperature (40—-60°C), and gas flow rate. The
performance was assessed based on CO: removal efficiency and CHa purity.
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Figure 1 Aspen HYSYS process flow diagram for CO: removal from biogas using MEA, showing
the effects of solvent concentration, gas flow rate, and absorber temperature.

The second Aspen HYSYS model evaluated DEA and MDEA, with the latter also tested in
combination with piperazine (PZ) as an activator. The feed gas stream was set at 20°C, 18 bar, and
1000 kmol/h with 60% CHa and 39.9% COs.. The lean amine stream (65 wt% H-0, 35 wt% solvent)
entered at 20°C, 18 bar, and 5000 kmol/h. The absorber was configured with 20 stages, and the
rich amine was regenerated in a 20-stage distillation column at 2.5 bar with full reflux at the
condenser. This model was used to compare the relative performance of DEA and MDEA/PZ in
terms of CO: absorption capacity and methane recovery.

A high-pressure water scrubbing system was developed in Aspen Plus using the Non-Random
Two-Liquid (NRTL) property package, suitable for polar mixtures at pressures up to 10 bar.
Biogas was introduced at the bottom of the absorber column at 10 bar, counter-current to the water
stream. Sensitivity analysis was conducted for absorber pressures ranging from 2 to 20 bar, to
determine the effect on CHa purity and CO. removal efficiency. The effect of varying the L/G ratio
(0.5-1.5 m3*/m?) was also studied. The biogas flow rate was held constant, while water flow was
adjusted. Higher water flow rates were expected to increase the mass transfer coefficient due to
greater solvent availability for CO2 absorption [21].
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Figure 2 Aspen Plus simulation model for CO: removal from biogas using water scrubbing with
regeneration and recirculation of water.
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The performance of each simulation model was evaluated in terms of CO. removal efficiency,
methane purity in the upgraded gas, solvent or water consumption, and the qualitative assessment
of energy demand. For the amine-based systems, emphasis was placed on the influence of solvent
concentration, absorber temperature, and gas flow rate, while also considering the regeneration
requirements associated with solvent recycling. For the water scrubbing process, attention was
given to the effects of absorber pressure and liquid-to-gas ratio on CO- solubility and methane
recovery, as well as the implications of water demand.

The outcomes of the three models were then compared to establish the relative advantages and
limitations of chemical and physical absorption approaches. Amine-based systems were expected
to achieve higher selectivity and CO: removal efficiency, albeit at higher energy costs for solvent
regeneration and with potential corrosion issues. In contrast, water scrubbing was anticipated to
provide a more straightforward and environmentally friendly alternative, though at the cost of
greater water consumption and lower selectivity. This comparative framework allowed for a
systematic assessment of the trade-offs between the two methods, offering insights into their
suitability for different scales of application and operational contexts.

Results and Discussion

The simulation results from three different biogas upgrading techniques, chemical absorption
using MEA, DEA, and MDEA/PZ, as well as physical absorption via water scrubbing, demonstrate
distinct performance characteristics, highlighting the trade-offs between efficiency, operating
conditions, and resource requirements. When comparing different amine solvents, notable
differences were observed among MEA, DEA, and the MDEA/PZ blend. MEA consistently
achieved high CO: removal efficiencies at moderate concentrations, reaching approximately 98—
99% removal at 30-35 mol%. DEA, however, required a much higher concentration to achieve
comparable performance; at 55 wt%, it achieved 99.86% CO: removal, which is still slightly below
that of 35 wt% MEA. The MDEA/PZ blend showed the strongest performance among the solvents
tested. A mixture containing 10 wt% PZ with 40 wt% MDEA achieved 99.69% CO: removal at
only 10 bar, highlighting the significant promoting effect of piperazine in accelerating CO-
absorption in tertiary amines. This demonstrates why MDEA/PZ systems are widely regarded as
low-energy, high-performance absorbents.

MEA showed a strong temperature dependence, increasing from 77% at 20°C to 99% at 60°C.
DEA exhibited a similar trend but with significantly lower removal at all temperatures, achieving
only around 60% at 20°C and requiring temperatures above 50°C to exceed 95% removal. In
contrast, the MDEA/PZ blend displayed the highest efficiency across the entire temperature range,
achieving >90% removal even at 20°C and approaching 100% removal above 40°C. This
highlights the strong catalytic effect of PZ in enhancing the absorption kinetics of tertiary amines,
making MDEA/PZ the least temperature-dependent and most effective solvent system.
Comparable results have been reported by Abu-Zahra et al. (2007), who demonstrated that
increasing operating temperatures improves absorption kinetics but must be balanced with solvent
regeneration requirements [15].

Fig. 4 shows the performance of MDEA blended with PZ, where adding 10 wt% PZ to 40 wt%
MDEA resulted in 99.86% CO: removal and 99.69 mol% methane purity at only 10 bar operating
pressure. This demonstrates the effectiveness of PZ as an activator, enabling higher absorption
efficiency at much lower pressures than MEA (18 bar) and DEA (22 bar), thereby providing
significant energy savings during operation. Such findings are consistent with Bishnoi and
Rochelle (2000), who reported that piperazine significantly enhances the kinetics of CO:
absorption in MDEA systems, thereby reducing the overall energy penalty of the process [16].
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removal using the Aspen HYSYS simulator.

In contrast, water scrubbing offered a more straightforward yet equally effective option for CO-
removal. Fig. 5 shows the impact of absorber pressure on methane purity and CO: removal
efficiency, with performance steadily improving up to 10 bar. At this optimal point, methane purity
reached 96.5 mol% while CO: removal was 99.96%. These results align with previous studies,
which have shown that higher operating pressures increase CO- solubility and enhance absorption
efficiency in water scrubbing systems [13]. Although increasing the liquid-to-gas (L/G) ratio
further improved CO: absorption, it slightly decreased methane purity because CH4 dissolved in
water. This trade-off emphasizes water scrubbing’s dependence on pressure and water
consumption, balancing efficiency with operational costs and resource use.
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Overall, the comparative results indicate that amine-based absorption, particularly MEA and
MDEA/PZ, achieves superior methane purity and nearly complete CO. removal. MEA delivers
high efficiency at moderate concentrations but requires more energy for regeneration, while DEA
is less efficient and needs higher concentrations. The MDEA/PZ mixture stands out as the most
energy-efficient chemical option because of its excellent performance at lower pressures. Water
scrubbing, although less selective in terms of methane purity, achieves competitive CO: removal
and is appealing due to its simplicity and environmental friendliness. These findings align with
other comparative studies that have highlighted chemical absorption as more efficient but
resource-intensive. In contrast, water scrubbing offers a cost-effective and operationally simple
alternative for small- to medium-scale applications [13].

Conclusion

This study compared chemical and physical absorption techniques for biogas upgrading using
Aspen HYSYS and Aspen Plus simulations. The results showed that MEA achieved a high CO:
removal efficiency (up to 99.28%) under optimal conditions, whereas DEA required higher solvent
concentrations to achieve a similar level of removal. The MDEA/PZ blend demonstrated superior
performance at lower pressure, offering significant energy savings without sacrificing methane
purity. Water scrubbing, although slightly less selective (methane purity of 96.5 mol%), provided
nearly complete CO: removal (99.96%) at 10 bar and offered the advantages of simplicity and
environmental friendliness. Overall, the findings suggest that amine-based absorption, particularly
MDEA/PZ, is best suited for applications requiring high efficiency and lower operating pressures.
At the same time, water scrubbing remains a practical and sustainable option when cost and
operational simplicity are prioritized.
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Abstract. This work presents the synthesis of new biodegradable alginate-zirconia (AG-ZR)
hybrid aerogels as a potential thermal insulator material. The effect of the alginate-to-zirconia ratio
on their physical and chemical characteristics is investigated. Hybrid gels containing 3—-5 wt%
alginate and 0.05-0.2 wt% zirconia were prepared via solvent casting, followed by supercritical
carbon dioxide (Sc-CO:) drying to obtain lightweight aerogels. The physical and chemical
properties were characterized by Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) analysis. Results
showed that the chemical interaction between alginate and zirconia was identified by the
characteristic Zr—-O and —COO-— stretching vibrations. Thermogravimetric analysis (TGA)
indicated considerable thermal stability up to 350°C, while differential scanning calorimetry
(DSC) suggested that degradation commenced at approximately 270°C. Mechanical testing
revealed that the aerogel formulation composed of 5 wt.% alginate and 0.2 wt.% zirconia exhibited
a notable tensile strength of approximately 1.8 MPa and improved flexibility, as indicated by
elongation at break. The synthesized AG-ZR hybrid aerogels showed strong chemical crosslinking,
excellent thermal stability, and superior mechanical strength, particularly in AG 5:ZR 0.2
formulation. The findings demonstrate the potential of the material as a lightweight, biodegradable,
and thermally stable insulation solution for advanced engineering applications.

Introduction
Advanced thermal insulation technologies have become increasingly important for improving
energy efficiency and reducing greenhouse gas emissions in construction, transportation, and
industrial applications. Conventional insulation materials such as fiberglass, mineral wool,
expanded polystyrene, and polyurethane foams are widely used for their low cost and reasonable
performance; however, they exhibit low thermal stability, weak mechanical resistance, and poor
environmental compatibility due to their petroleum-based origins and lack of biodegradability [1].
These limitations have accelerated the search for sustainable, high-performance alternatives.
Aerogels, lightweight and highly porous materials produced via sol-gel processes, have
emerged as next-generation insulators with ultra-low thermal conductivities (as low as 0.013
W/m-K) [2], large surface areas, and porosities exceeding 90% [3]. Biopolymer-based aerogels,
in particular, represent an eco-friendly approach to thermal insulation because they combine
renewability, biodegradability, and extremely low densities (0.01-0.5 g/cm?®) [4] with thermal
conductivities often below 0.02 W/m-K [5]. Among biopolymers, alginate, a polysaccharide
extracted from brown algae is notable for its ability to form crosslinked hydrogels through
carboxylate groups, offering flexibility and biodegradability. Xu et al. [6] reported that alginate
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aerogels reinforced with nanoclay achieved high porosity, enhanced mechanical strength, and
flame-retardant properties, demonstrating that inorganic nanofillers can strengthen the network
structure and improve overall performance.

While early aerogel research centered on silica systems, recent studies have extended to
inorganic frameworks such as zirconia (ZrO:), which exhibits high-temperature stability, chemical
resistance, and low thermal conductivity [7,8,9]. However, pure zirconia aerogels are brittle and
prone to collapse under capillary forces during conventional drying [10]. Supercritical CO: drying
addresses this limitation by removing the solvent above its critical point, eliminating surface
tension, and preserving the delicate pore structure [11,12]. Hybridizing zirconia with flexible
polymers or biopolymers can further improve toughness and introduce biodegradability, creating
composites with synergistic properties suitable for sustainable insulation [13,14].

In this study, alginate—zirconia (AG/ZR) hybrid aerogels were synthesized using a solvent-
casting approach followed by supercritical CO: drying. Alginate provided the biodegradable
polymeric framework, while zirconia precursors contributed to enhanced thermal stability and
mechanical strength. The influence of alginate and zirconia ratios on the aerogels’ physical and
chemical properties was examined through Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and mechanical
testing. This work aims to develop biodegradable, high-performance aerogels with strong thermal
and mechanical resilience for advanced insulation applications.

Materials and Methods

All reagents used are analytical grade and employed without further purification. Zirconium (IV)
propoxide solution (tetrapropyl zirconate, TPZ), N, N-dimethylformamide (DMF), and alginic
acid sodium salt (from brown algae) were acquired from Sigma-Aldrich. Diethylamine as a
catalyst and calcium chloride (CaCl,) were obtained from Chemiz (Malaysia). Absolute ethanol
was purchased from Systerm. Carbon dioxide (CO2, 99.9%) used for the supercritical drying
process was obtained from a certified gas supplier.

Preparation of alginate/Zirconia aerogel film

Fig. 1 shows the presented work to synthesize the alginate/zirconia hybrid aerogel [15,16].
Alginate solutions (AG) with concentrations of 3 and 5 wt.% are prepared in 50 mL of distilled
water and stirred until fully dissolved.

Alginate solution

0.05, 0.2 wt% zirconia 2 Wt% diethylamine
3, 5 wt% alginate in water é
Zirconia
Distilled solution l

water % —b —

Stir until fully : : : — Shape into thin film
dissolved Stir for 30 minutes Stir for 30 minutes

AG/ZR thin film

>

Solvent exchange with
absolute ethanol

Flat-steel tray

Alginate solution

Soaked with zirconia
solution for gelation

Superecritical drying

Figure 1 Schematic diagram of the preparation of alginate/zirconia aerogel film.

A 0.05 wt.% and 0.2 wt.% concentrations of zirconium (IV) propoxide solution (tetrapropyl
zirconate, TPZ) are mixed into 80 mL of N, N-dimethylformamide (DMF) with constant stirring
for 30 min. Then, a stoichiometric amount of distilled water containing 2 wt.% of diethylamine
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(DEA) is added to the zirconia solutions and continuously stirred for another 30 min. The prepared
alginate solution is then shaped into a thin film by using a flat-steel tray and is soaked with the
zirconia solution for 30 minutes to allow the complete gelation of the hydrogel. After being cut to
a 6 cm x 4 cm size, the alginate/zirconia thin film was exchanged twice using pure ethanol. Finally,
the samples were dried under supercritical CO> at 110 £ 5 bar at 40°C for a 4-5 h drying time. The
formulation of the materials used for the synthesis is presented in Table 1.

Table 1 Formulation of the materials for the synthesis of alginate/zirconia aerogel film.

Alginate, AG (wt.%) Zirconia, ZR (wt.%) Diethylamine in water (wt.%) Indication

3 0 - Blank AG

3 0.05 5 AG 3:ZR 0.05
0.2 AG3:ZR 0.2

5 0.05 5 AG 5:ZR 0.05
0.2 AG5:7ZR 0.2

Characterization

Fourier transform infrared spectroscopy (FTIR) was used to identify functional groups of the
biopolymer films using an OPUS Optik GmBH-equipped apparatus, scanned from 400 to 4000
cm™'. Thermogravimetric analysis (TGA) evaluated thermal stability between 20 and 600°C at a
10 °C/min heating rate using a Mettler Toledo SAE system. Differential scanning calorimetry
(DSC) (Model Mettler Toledo) was performed at 10 °C/min from 20 to 500°C to determine thermal
transitions [15]. Mechanical properties were measured at room temperature using a 5500 Instron
machine following ASTM D822 standards, with a crosshead speed of 50 mm/min. Tensile strength
was determined at the peak of the stress—strain curve, and three specimens were tested for each
formulation [17].

Results and Discussion

FTIR spectroscopy provides insights into the chemical structure, functional groups, and
intermolecular interactions within materials by analyzing the absorption of infrared radiation. The
FTIR graph in Fig. 2 shows the spectra for blank AG and various AG-ZR formulations across a
broad wavenumber range (4000-400 cm™).

All spectra, including the blank AG, display characteristic absorption bands typical of
polysaccharides. A broad and intense band around 3500-3000 cm™ is due to the stretching
vibrations of O-H groups, originating from both the hydroxyl groups within the alginate structure
and adsorbed water molecules [10,18]. C-H stretching vibrations are observed at bands around
2900 cm™, indicating the integrity of the carbohydrate backbone. The region between 1700 cm™
and 1400 cm™ is important as it is dominated by the asymmetric (around 1600 cm™) and symmetric
(around 1400 cm™) stretching vibrations of the carboxylate (COO™) groups [19]. These
carboxylate groups are critical for alginate's ion-binding properties and its ability to form hydrogels
[19]. The region, around 1000-1100 cm™, contains complex overlapping bands characteristic of
the polysaccharide structure, including C-O stretching and C-O-C glycosidic linkages [20,21].

On the other hand, the effect of ZR concentration on these bands is subtle, yet distinguishable.
As ZR concentration increases, there is a slight broadening or minor shifts in the carboxylate bands
(1600 cm™ and 1400 cm™). The intensity of the broad O-H band around 3500-3000 cm™ exhibits
slight variations, indicating possible alteration in the hydrogen bonding network or changes in the
water content. The effective integration of zirconia would be indicated by the appearance of a peak
or a displacement in existing peaks associated with Zr—O vibrations, generally observed within the
range of 500 — 800 cm ! [20,22]. The spectrum for blank AG (black line) in the 800-500 cm™
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region shows a relatively flat baseline with no distinct or prominent absorption peaks. In
comparison to the blank AG, all the AG-ZR formulations show distinct absorption peaks in the
500-800 cm™ region. Specifically, two characteristic peaks are observed; a prominent peak
appears consistently around 730-740 cm™ and another distinct peak is present around 610-620
cm'. These observed peaks are consistent with the characteristic absorption bands for Zr—O—Zr
stretching vibrations, which have been reported at 738 cm™ and 613 cm™ [23]. Their presence in
all zirconium-containing samples and absence in the blank AG confirms the incorporation and
chemical interaction of zirconium within the alginate structure.

—BLANK AG
—AG 3ZR0.05

AG RZR0.2
——AG SZR0.05
—AG SZR0.2

1
1
1
' ] T ! ' o
O —H Stretching COO” Stretching € - O Stretching Zr - O Stresching

4000 3600 3200 2800 2400 2000 1600 1200 800 400
cm-1

Figure 2 FTIR spectra (4000400 cm™) of blank AG and AG—ZR films.

The TGA curves in Fig. 3(a) reveal a typical three-stage thermal degradation pattern in AG-ZR
aerogels. The initial weight loss below 120°C corresponds to evaporation of adsorbed water, while
the major decomposition phase above 200°C arises from alginate chain depolymerization and
oxidation of organic components [24,25]. All AG—ZR samples exhibit reduced weight loss below
350°C compared to blank alginate, confirming improved thermal resistance through zirconia
reinforcement.

The presence of ZrO: enhances the thermal stability of the hybrid structure by acting as an
inorganic backbone. AG 3:ZR 0.05 retains the highest residue (~45%) at 600°C, while AG 5:ZR
0.2 leaves the lowest (~15%), demonstrating the role of zirconia in maintaining inorganic stability
even at elevated temperatures. These findings suggest that zirconia incorporation effectively
delays degradation and preserves mass at higher temperatures. Overall, increasing ZR content
results in a more thermally stable network due to improved crosslinking and strong polymer—
ceramic interactions. The composite aerogels resist structural collapse under heat, emphasizing the
role of zirconium as a stabilizing agent that enhances the performance of alginate-based systems
for high-temperature applications.

The DSC thermograms in Fig. 3(b) display broad endothermic peaks between 50—120°C for all
AG-ZR formulations, corresponding to moisture evaporation [24]. Blank alginate shows
endothermic decomposition beginning around 200°C, with major thermal events near 300—400°C,
consistent with dehydration and depolymerization of the biopolymer matrix [25]. These transitions
represent the characteristic thermal behaviour of alginate before zirconia incorporation. In contrast,
the AG—ZR samples exhibit additional exothermic peaks within 200-300 °C, indicating
zirconium-induced crosslinking and rearrangement reactions [9,26]. Increasing ZR concentration
reduces the intensity of endothermic events while broadening exothermic transitions, implying that
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zirconium modifies the degradation pathway by introducing new chemical interactions and
reinforcing bonds within the matrix.

(a) (b)
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AG3ZR02
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Figure 3 (a) TGA (solid lines) measured at 10 °C-min~" under Nz, (b) DSC heat flow for AG-ZR
samples.

The appearance of these exothermic peaks demonstrates that Zr** ions promote crosslinking and
charring reactions that enhance thermal resilience [9,27]. This transition from purely endothermic
decomposition in blank AG to the more complex thermal behaviour observed in the AG-ZR
samples suggests that zirconia actively alters the thermal degradation mechanism [28]. The
appearance of exothermic peaks indicates additional reactions such as crosslinking, bond
rearrangement, and char formation, all of which consume or redirect thermal energy. As a result,
the composite is able to absorb and redistribute heat more effectively, improving its overall energy-
dissipation capacity [29]. This thermally stabilizing effect strengthens the structural integrity of
the alginate—zirconia network at high temperatures, highlighting its suitability for insulation
applications.

The tensile stress—strain curves in Fig. 4 show that alginate and zirconia concentrations
significantly affect the aerogels’ mechanical behavior. The blank AG sample exhibits the highest
tensile stress (2.8-3.0 MPa) due to strong intermolecular hydrogen bonding and the cohesive
integrity of the alginate matrix [30], with its steep curve and limited elongation indicating a brittle,
densely packed structure. In contrast, the AG—ZR formulations display lower tensile strength but
greater flexibility, reflecting zirconia-induced modifications to the alginate network through
polymer—ceramic crosslinking. The AG 3 samples show lower stiffness yet improved ductility,
whereas the AG 5 samples demonstrate higher strength and rigidity, consistent with a denser, more
effectively crosslinked network [31]. Among all compositions, AG 5:ZR 0.2 provides the best
balance of strength and flexibility, with a tensile strength of about 1.8 MPa and improved
deformability.

The improved mechanical strength with higher zirconia content results from coordination
between Zr** ions and alginate carboxylate groups, forming a reinforced network that limits chain
mobility and increases stiffness [26]. Higher alginate concentration further enhances performance
through increased chain entanglement and cohesive interactions, promoting efficient load transfer
and greater toughness. This polymer—ceramic synergy enhances both elasticity and resistance to
deformation. Consequently, AG 5-based aerogels consistently outperform AG 3 at all ZR levels,
demonstrating the stronger reinforcement capacity of the denser alginate matrix [6,26]. The AG
5:ZR 0.2 composition achieves the most favorable combination of tensile strength and elongation
at break due to effective polymer—filler crosslinking. Overall, optimizing alginate—zirconia ratios
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enable the development of lightweight, mechanically robust aerogels suitable for advanced
structural and thermal insulation applications.

30 ) BLANKAG

——AG 3:ZR 0.05
AG3:ZR0.2
——AG 5:ZR 0.05

2.5 A

20 1 AGszZRO2
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n

0.5 1 /
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Figure 4 Tensile stress—strain curves for AG—ZR films (n=3).

Conclusions

The AG/ZR aerogels demonstrated a unique combination of characteristics, making them
interesting candidates for advanced thermal insulation applications. FTIR analysis verified the
efficient crosslinking between zirconia and alginate, indicating the creation of a homogeneous
composite structure. The AG/ZR aerogels possess good thermal stability, with low weight loss up
to 350°C and a decomposition starting around 270°C. Mechanical testing revealed that although
the blank AG exhibited the highest tensile strength, the AG 5:ZR 0.2 formulation provided
comparable strength and flexibility, indicating effective reinforcement within the hybrid network.
These properties demonstrate the synergistic effect of polymer-filler interactions and the
effectiveness of supercritical drying in retaining aerogel microstructures. The synthesized AG-ZR
aerogels are promising candidates for sustainable thermal insulation applications, particularly
where lightweight, biodegradable, and thermally stable materials are required.
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Abstract. Progressive freeze concentration (PFC) offers low-temperature separation for water
treatment, yet the role of feed temperature remains unclear. Magnesium sulphate solutions were
processed in a vertical finned crystallizer (50 min cycle, 2100 mL min™" circulation, —10°C
coolant) using either room-temperature feed (RF, 27.4+1.8°C) or pre-chilled feed (CF, 9.1+0.8°C),
with triplicate runs per condition. Outcomes were standardized into two composites: (i)
Separation—kinetics metric (solute recovery, ion recovery efficiency, reversed partition coefficient,
freezing and solution-retention rates) and (ii) energy metric (reversed SEC per litre, reversed
process energy, energy efficiency). RF showed higher separation: solute recovery (0.643 vs.
0.585), ion recovery efficiency (79.5% vs 71.9%), and freezing rate (12.1 vs. 11.8 g min™").
Partition coefficients were similar (0.129 vs. 0.122). Energy results diverged: RF required more
process energy (314 vs. 235 kJ) but achieved lower SEC per litre (1.82 vs. 2.00 kWh L") and
higher efficiency (14.2% vs. 10.1%). Composite scores favoured RF for separation (0.278 vs.
—0.278), while energy outcomes balanced near zero. Multivariate testing found no significant
overall effect (Pillai’s Trace = 0.578, F (2,3) = 2.057, p = 0.274), though the separation—kinetics
effect size was moderate-to-large (partial n?> = 0.406). The results suggest that warmer feeds can
improve recovery and kinetics while lowering per-litre energy demand, even though they increase
absolute cooling duty. Larger studies are needed to confirm these trends and to explore adaptive
flow control and expanded operating windows for scalability.

Introduction
Water separation and concentration processes are central to chemical engineering, environmental
management, and sustainable water use. Thermal evaporation is effective but requires substantial
heat input, which can degrade heat-sensitive solutes and cause scaling or corrosion [1]. Membrane
technologies such as reverse osmosis (RO) bypass thermal degradation but face issues of fouling,
high-pressure energy requirements, and limited capacity for hypersaline feeds [2]. These motivates
alternative separation approaches with lower energy input and selective solute retention, aligned
with SDG 6 (clean water and sanitation) and SDG 12 (responsible production and consumption).
Freeze concentration (FC) is a low-temperature route that crystallizes water as ice while leaving
most solutes in the liquid phase. Furthermore, Freezing requires far less latent heat than boiling,
and with heat recovery can be competitive in energy use [1]. Applications of FC range from
concentrating food juices and pharmaceuticals to treating industrial brines and wastewater streams,
demonstrating both versatility and potential scalability [3].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Among FC techniques, progressive freeze concentration (PFC) is particularly attractive for
engineering applications [1]. Unlike suspension freeze concentration (SFC), which produces
dispersed ice crystals requiring downstream separation, PFC relies on ice layers growing
progressively on a cooled surface or along a freezing front. This approach simplifies equipment
design and has achieved high solute recovery in diverse liquids, including dairy, juices, and saline
brines [3]. Key variables include cooling rate, agitation, and solute concentration [1,4].

Despite progress, the effect of initial feed temperature has not been well studied. Warmer feeds
increase cooling load and may deepen supercooling, while pre-chilled feeds may promote
controlled ice growth [4]. Earlier work showed that gradual cooling reduces supercooling and
inclusion [5]. By analogy, the starting bulk feed temperature is expected to similarly influence ice
nucleation and solute exclusion, yet this has not been systematically studied.

Therefore, this study addresses this gap by examining how initial feed temperature influences
progressive freeze concentration of magnesium sulphate solutions. Magnesium sulphate was
selected as a model solute relevant to industrial wastewater and brine streams, ensuring practical
relevance for water treatment and resource recovery [6,7,8]. The study compares room-
temperature feeds (RF) and pre-chilled feeds (CF) under controlled conditions in a vertical finned
crystallizer which the crystallizer has extended area for ice growth rather than tubular vessel [9].
The objectives are to evaluate effects on two prespecified composite metrics, i.e., separation—
kinetics (solute recovery, ion recovery efficiency, reversed partition coefficient, freezing rate,
remaining solution rate) and energy (reversed specific energy consumption per litre of concentrate,
reversed process energy, energy efficiency). It is hypothesized that feed temperature influences
solute exclusion and freezing behaviour in distinct ways [1]. Clarifying this relationship will
provides guidance on feed preparation strategies and informs the optimization of PFC for energy-
efficient, sustainable water treatment.

Materials and Methods
Magnesium sulphate heptahydrate (MgSOa.-7H20, analytical grade) and laboratory-prepared
distilled water were used. Concentrations are reported in mg L™'. A 1 L stock was prepared and
diluted to 10 L at [SO4+>"] =250 mg L™". The batch was split into room-temperature feed (RF) and
pre-chilled feed (CF). RF remained at ambient laboratory temperature while CF was held in a
chiller overnight. Feed temperatures were verified by spot checks using a Type-K thermocouple
and logger. Volumes were inferred from mass assuming p =~ 1.00 g mL™" [10].

A vertical finned crystallizer (VFC) adapted from prior VFC studies was used as shown in Fig.
1 [9]. The jacketed stainless-steel body has outer diameter 21 cm, body height 30 cm, and
separating-plate height 25 cm. Feed enters at the lower port and exits at the upper port: coolant
flows counter-current through the external jacket. Two conditions were tested which is RF
(27.36+1.76°C) and CF (9.08+0.76°C), n = 3 per condition. Fixed set-points were 50 min cycle
duration, 2100 mL min™* circulation, and —10°C coolant. Ice was removed, weighed, melted, and
analyzed [11]. Sulphate was measured by BaSOs turbidity at 420 nm (Shimadzu UVmini-1240)
[11]. Samples were thawed to room temperature. Calibration used 20—-80 mg L' standards as in

Eq. (1).
A =0.013841C — 0.18829, (R? = 0.9972) (1)

Response variables were computed from masses, concentrations, run time, and metered energy.
Egs. (2) — (7) were used to determine the separation kinetics metrics. The following Egs. (8) — (14)
were used to determine the energy metrics.
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Figure 1 Schematic of the VFC set-up and run timeline (single 50-min cycle) [9].
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Where, m, is initial feed mass (g), m; is ice mass (g), m. is concentrate mass (g), V. is concentrate
volume ( = m¢/1000) (L), C,, Ci, C. is sulphate concentration in feed, ice-melt, concentrate (mg
L1 respectively, t is cycle time (min); Ty is initial feed temperature (°C), Emeas is metered chiller
energy (kWh), c,=4.186 J g! and L¢=333.7 J g’! [12]. All response metrics from were converted
to run z-scores (standardised across all six runs) for each condition and metrics. These z-scores
arranged in orientation so that larger values indicate better performance by using Kiev, SECrey, and
E*proc,rev. Egs. (15) and (16) were used for separation-kinetics and energy metrics, respectively.

ZSKMetric = Z(YS) + Z(Tlion) +Z(Krev) + Z(Rfreeze) + Z(Rremain) (15)
ZEnergyMetric = Z(SECrev) + Z(E*proc,rev) + Z(EE) (16)
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Composite metrics were analyzed using GLM-MANOVA in SPSS (Pillai’s Trace; Box’s M for
covariance equality; Levene tests for variance). Partial n?> was reported due to n = 3 per group [13].

Results and Discussion

Fig. 2 shows RF outperformed CF on all separation-kinetics metrics across n = 3 per condition.
For instance, solute recovery (SR) was higher in the RF condition (0.643+0.0145) compared with
CF (0.585%0.0045). A similar pattern was observed for ion recovery efficiency (79.5+2.67 % for
RF vs. 71.9£1.80 % for CF). Partition coefficients were comparable between RF (0.129+0.041)
and CF (0.122+0.011). Freezing rate also tended to be higher in RF (12.09+£0.25 g min") relative
to CF (11.7840.19 g min'). Remaining-solution rates followed the same direction, with RF
averaging 6.77+0.42 g min' and CF 6.50+0.41 g min™".

Two established principles frame these findings. First, interface dynamics strongly influence
progressive freeze concentration. Rapid growth and deep supercooling promote solute inclusion,
whereas controlled or ramped cooling can reduce inclusion by two to threefold [4]. Second,
coupled modelling and experiments have formalized how interfacial heat-mass transfer and
velocity scales determine whether solutes are excluded or entrained at the ice front [14]. Although
a warmer feed temperature in RF might be expected to increase supercooling and solute
entrapment, the data showed higher recoveries and marginally faster kinetics. Two mechanisms
account for this. At the molecular level, ion rejection at the interface improves with temperature,
as ions remain more stabilized in their hydrated state relative to the ice lattice [15]. A larger AT
enhances convection, thinning the solute boundary layer and improving exclusion [16]. Together,
these effects outweigh the modest rise in growth rate, leading to more effective sulphate exclusion
into the liquid and higher ket despite increased cooling duty.

The SO+* is generally excluded from ice, with inclusion mainly from trapped brine [17]. At
250 mgL™" SO4*", precipitation is unlikely under sub-zero conditions, so separation is potentially
governed by interfacial transport and hydrodynamics. Operationally, bulk pre-chilling does not
guarantee improved outcomes in PFC. Interfacial temperature control and convective renewal are
key factors [18]. A warmer start with controlled cooling and mixing may therefore be favourable.

As shown in Fig. 3, the SEC per litre of concentrate was lower for RF (1.818+0.039 kWh L)
compared with CF (2.000+£0.106 kWh L™). In contrast, process energy was substantially higher in
RF (314.1+6.5 kJ) relative to CF (234.7+0.3 kJ). Energy efficiency was also greater under RF
(14.2+0.53%) compared with CF (10.1+£0.46%). The pattern indicates a normalization effect. SEC
is defined as measured energy divided by concentrate volume as in Eq. (8). Therefore, increasing
in concentrate volume due higher remaining solute, will reduce the SEC even if measured energy
increases. RF demanded more absolute energy because the feed started warmer, requiring greater
sensible cooling to 0°C, yet it also produced more concentrate.

The energy balance of freezing processes comprises sensible cooling plus latent heat of fusion
of the ice produced. Because SEC is normalized to product volume, increases in remaining solute
mass, m (Ve = mc/p) mechanically drive SEC downward even when measured energy (kWh L)
increases [19]. The higher process energy, E*,c under RF is consistent with the larger sensible-
cooling term due to the higher T, While the higher EFE reflects the larger product volume under
RF [19]. No previous PFC studies were found that directly tested how initial feed temperature
affects normalized energy metrics. The RF—CF energy contrast is therefore interpreted here as an
inference based on the standard SEC definition and the established freezing energy balance, rather
than as a direct comparison with earlier studies [1,19,20].
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Figure 2 Separation—kinetics metrics under room-temperature feed (RF) and pre-chilled feed
(CF): (a) Solute recovery, (b) ion recovery efficiency, (c) partition coefficient, (d) freezing rate,
and (e) remaining-solution rate. Bars show group means with SE error bars (n = 3 per
condition). Numeric labels report means + SE. For the partition coefficient, lower values
indicate better separation. No sign reversal is applied here.
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Figure 3 Energy metrics under room-temperature feed (RF) and pre-chilled feed (CF): (a) SEC
per litre of concentrate, (b) process energy, and (c) energy efficiency. Bars are means with SE
error bars (n = 3 per condition). Numeric labels show mean + SE.

As shown in Fig. 4, assumption checks indicated acceptable covariance equality (Box’s M =
5.306, p = 0.489). The multivariate test showed no significant overall effect of Condition (Pillai’s
Trace = 0.578, F(2,3) = 2.057, p = 0.274, partial n* = 0.578). Univariate follow-ups indicated a
non-significant difference for separation—kinetics (F(1,4) = 2.734, p = 0.174, partial n?> = 0.406)
and negligible difference for energy (F(1,4) = 0.076, p = 0.797, partial n> = 0.019). Under
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constrained power, effect sizes and confidence intervals should be weighed alongside p-values;
this aids practical interpretation of non-significant findings with moderate n? values [21,22].

Condition (Pillai, multivariate) p=0274  RF - CF (Separation-Kinetics) p=0-174

Separation-Kinetics (univariate) p=0.174

Energy (univariate) ; ‘ . p=0797 RF - CF (Energy) p=0.797
00 02 04 06 08 10 10 <05 00 05 10 15
Partial n? (90% Cl) Adjusted mean difference (RF = CF) with 95% CI

(a) (b)

Figure 4 Multivariate analysis of feed condition (RF vs. CF), (a) Partial n* with 90% CI for the
multivariate omnibus (Pillai) and univariate follow-ups, (b) Adjusted mean differences (RF —
CF) with 95% CI from GLM pairwise contrasts.

Across all analyses the separation—kinetics composite favoured RF (mean shift RF > CF; partial
1n? = 0.406). In contrast, the energy metric remained near neutral because the benefits of lower
SEC/L and higher EE under RF were counterbalanced by higher process energy. This trade-off
demonstrates how equal-weight aggregation can mask practical differences when variables move
in opposite directions.

The use of z-standardized, direction-aligned composites is well established in process
evaluations where multiple criteria must be integrated for comparative inference [23]. Equal-
weight, mean-of-z aggregation was applied here to condense outcomes into separation-kinetics
and energy metrics, following common practice once indicators are placed on a common scale and
orientation [23]. Under this scheme, RF improved the separation-kinetics metric, whereas the
energy metric showed little separation between conditions due to internal balancing.

The RF showed higher means for solute recovery (SR) and ion recovery efficiency (IRE) than
CF (SR: 0.643£0.0145 vs. 0.585+0.0045; IRE: 79.5+2.67% vs. 71.9+1.80%). Partition coefficients
were comparably low (RF 0.129+0.041; CF 0.122+0.011). RF also exhibited a higher freezing rate
(12.09+0.25 vs. 11.784+0.19 g min™") and a slightly higher remaining-solution rate (6.77+£0.42 vs.
6.50+0.41 g min'). Higher SR and IRE under RF indicates that a larger fraction of sulphate stayed
in the unfrozen liquid, consistent with stronger solute rejection at the advancing ice front [14,24].
At a solidifying interface, solute redistribution follows the Burton—Prim—Slichter framework in
which the effective distribution and boundary-layer thickness depend on interface velocity and
solute diffusion in the liquid [14,25]. The RF advantage runs counter to the operational expectation
that pre-chilling should deliver cleaner exclusion. Consistent with this mechanism, parametric PFC
work shows that the feed temperature and the feed—coolant temperature difference are influential
levers for supercooling control and salt rejection [14,26].

Conclusion

This study investigated the influence of initial feed temperature on progressive freeze
concentration (PFC) of magnesium sulphate solutions using a vertical finned crystallizer. RF
consistently achieved higher separation performance: solute recovery was 0.643 vs 0.585 under
CF, and ion recovery efficiency was 79.5% vs. 71.9%. Freezing rates were also faster (12.1 vs 11.8
g min'), and the composite separation—kinetics score shifted positive for RF (0.278) but negative
for CF (—0.278). Energy outcomes diverged: process energy was higher in RF (314 kJ vs. 235 kJ),
but SEC per litre was lower (1.82 vs. 2.00 kWh L) and efficiency higher (14.2% vs. 10.1%).
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MANOVA results did not detect a statistically significant multivariate effect (p = 0.274), but the
effect size for separation—kinetics was moderate-to-large (partial > = 0.406). Starting from room
temperature improved recovery and throughput while enhancing normalized energy indices,
although at the cost of higher absolute cooling demand. Future studies should expand replication,
test intermediate feed temperatures, and evaluate staged cooling. Extending this work to different
solute systems and scale-up conditions will help clarify whether warmer feeds can reliably deliver
both separation advantages and per-litre energy efficiency in industrial PFC applications.

Acknowledgement
This work was supported/funded by the Ministry of Higher Education under Fundamental
Research Grant Scheme (FRGS/1/2021/TK0/UTM/02/1), (Vot. 5F430).

References

[1] A. Najim, "A review of advances in freeze desalination and future prospects," Nature Partner
Journals Clean Water, Review Article vol. 5, no. 1, p. 15, 2022 2022, Art no. 15.
https://doi.org/10.1038/s41545-022-00158-1

[2] K. L. Foo, Yong Yeow; Lau, Woei Jye; Khan, Md Maksudur Rahman; Ahmad, Abdul Latif,
"Performance of Hypersaline Brine Desalination Using Spiral Wound Membrane: A Parametric
Study," Membranes, Research Article vol. 13, no. 2, p. 248, 2023 2023, Art no. 248.
https://doi.org/10.3390/membranes 13020248

[3] A. A. H. Prestes, Cristiane Vieira; Esmerino, Erick Almeida; Silva, Ramon; da Cruz, Adriano
Gomes; Prudencio, Elane Schwinden, "Freeze concentration techniques as alternative methods to
thermal processing in dairy manufacturing: A review," Journal of Food Science, Review Article
vol. 87, no. 2, pp. 543-562, 2022 2022. https://doi.org/10.1111/1750-3841.16027

[4] J.-E. B. Vuist, Remko M.; Schutyser, Maarten A. L., "Solute inclusion and freezing rate
during progressive freeze concentration of sucrose and maltodextrin solutions," Drying
Technology, Research Article vol. 39, no. 10, pp. 1285-1293, 2021 2021.
https://doi.org/10.1080/07373937.2020.1742151

[5] J.-E. Vuist, "Progressive freeze concentration," PhD Doctoral Thesis, Laboratory of Food
Process Engineering, Wageningen University & Research, Wageningen, The Netherlands, 2021.
[Online]. Available: https://doi.org/10.18174/550673

[6] D. F. Fontana, Federica; Pietrantonio, Massimiliana; Pucciarmati, Stefano; Marcoaldi,
Caterina, "Magnesium recovery from seawater desalination brines: a technical review,"
Environment, Development and Sustainability, Review Article 2022 2022.
https://doi.org/10.1007/s10668-022-02663-2

[7] F. R. Leon, Alejandro, "Performance Analysis of a Full-Scale Desalination Plant with
Reverse Osmosis Membranes for Irrigation," Membranes, Research Article vol. 11, no. 10, p.
774 (article number), 2021 2021. https://doi.org/10.3390/membranes11100774

[8] I. C. Bolton & Menk, "Analyzing Alternatives for Sulfate Treatment in Municipal
Wastewater," Minnesota Pollution Control Agency (MPCA), St. Paul, Minnesota, USA,
Technical Report wq-rule4-15pp, 2018 2018. [Online]. Available: https://www.pca.state.mn.us/

[9] T. T. Rashid, Su Ying; Harun, Noor Hafiza; Zakaria, Zaki Yamani; Ngadi, Norzita;
Mohamad, Zurina; Jusoh, Mazura, "Progressive Freeze Concentration for Leachate Treatment
using Vertical Finned Crystallizer," Chemical Engineering Transactions, Research Article vol.
97, pp. 451456, 2022 2022. https://doi.org/10.3303/CET2297076

127



Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 121-129 https://doi.org/10.21741/9781644903957-16

[10] A. H. Harvey, "Thermodynamic Properties of Water: Tabulation from the IAPWS
Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for General
and Scientific Use," National Institute of Standards and Technology (NIST), Gaithersburg,
Maryland, USA, Technical Report NISTIR 5078, November 1998 1998. [Online]. Available:
https://nvlpubs.nist.gov/nistpubs/Legacy/IR/nistir5078.pdf

[11] Standard Test Method for Sulfate lon in Water, Standard Test Method D516-22, A.
International, West Conshohocken, PA, USA, December 1, 2022 (approved) / March 2023
(published) 2023. [Online]. Available: https://doi.org/10.1520/D0516-22

[12] W. P. Wagner, A, "The IAPWS Formulation 1995 for the Thermodynamic Properties of
Ordinary Water Substance for General and Scientific Use," Journal of Physical and Chemical
Reference Data, Research Article vol. 31, no. 2, pp. 387-535, 2002 2002.
https://doi.org/10.1063/1.1461829

[13] H. S.-W. Todorov, E.; Gerber, S., "Applying univariate vs. multivariate statistics to
investigate therapeutic efficacy in (pre)clinical trials: A Monte Carlo simulation study on the
example of a controlled preclinical neurotrauma trial," PLoS ONE, Research Article vol. 15, no.
3, pp. 1-20, 2020 2020. https://doi.org/10.1371/journal.pone.0230798

[14] Z.J. Zhang, M.; Vanapalli, S., "Experimental and theoretical analysis of solute
redistribution during a progressive freeze concentration process," International Communications
in Heat and Mass Transfer, Research Article vol. 152, p. 107288 (article number), 2024 2024,
Art no. 107288. https://doi.org/10.1016/j.icheatmasstransfer.2024.107288

[15] S.J. Luo, Y.; Tao, R.; Li, H.; Li, C.; Wang, J.; Li, Z., "Molecular understanding of ion
rejection in the freezing of aqueous solutions," Physical Chemistry Chemical Physics, vol. 23,
pp. 13292-13299, 2021. https://doi.org/10.1039/d1cp01733k

[16] Y. W. Du, Z.; Jiang, L.; Calzavarini, E.; Sun, C., "Sea Water Freezing Modes in a Natural
Convection System," Journal of Fluid Mechanics, 2023.
https://doi.org/doi:10.1017/;fm.2023.215

[17] R. H. Wang, Y.; Yuan, X.; Chen, J.; Jiang, S.; Li, X., "Unsynchronized migrations of
different salt ions and ice microstructure development during unidirectional freeze—thaw,"
Desalination, vol. 549, p. 116326, 2023 2023. https://doi.org/10.1016/j.desal.2022.116326

[18] S. Jan Eise Vuist, Remko M. Boom, "Solute inclusion during progressive freeze
concentration: A state diagram approach," Journal of Food Engineering, vol. 320, p. 110928.
https://doi.org/10.1016/j.jfoodeng.2021.110928

[19] M. H. Hendijanifard, Amir; Farhadi, Shahrokh, "Comparing energy and exergy of multiple
effect freeze desalination to MEE MSF RO," Nature Partner Journals Clean Water, Research
Article vol. 7, no. Article 95, p. 95, 2024 2024, Art no. 95. https://doi.org/10.1038/s41545-024-
00395-6

[20] H. J. Zhang, 1.; Hassan Ali, M. 1.; Askar, K., "Freezing desalination: Heat and mass
validated modeling and experimental parametric analyses," Case Studies in Thermal
Engineering, vol. 26, p. 101189, 2021. https://doi.org/10.1016/j.csite.2021.101189

[21] R. T. S.; Carson, K., "Moving beyond P values in The Journal of Physiology: A primer on
the value of effect sizes and confidence intervals," The Journal of Physiology, vol. 301, no. 23,
pp. 5131-5133, 2023. https://doi.org/10.1113/JP285575. The Physiological Society.

128



Separation Technology - ICoST 2025 Materials Research Forum LLC
Materials Research Proceedings 59 (2026) 121-129 https://doi.org/10.21741/9781644903957-16

[22] A. C. M. Miola, Hélio Amante, "P-value and effect-size in clinical and experimental
studies," Journal Vascular Brasileiro (J Vasc Bras), vol. 20, p. €20210038, 2021.
https://doi.org/10.1590/1677-5449.210038

[23] N. A. J. Tarasewicz, A. M., "An ecosystem model based composite indicator, representing
sustainability aspects for comparison of forest management strategies," Ecological Indicators,
vol. 133, p. 108456, 2021. https://doi.org/10.1016/j.ecolind.2021.108456

[24] L. Phylipova, "Development of the design and determination of mode characteristics of
block cryoconcentrators for pomegranate juice," Eastern-European Journal of Enterprise
Technologies, vol. 2, no. 11 (110), pp. 614, 2021. https://doi.org/10.15587/1729-
4061.2021.230182

[25]J. A. P. Burton, R. C.; Slichter, W. P., "The distribution of solute in crystals grown from the
melt. Part . Theoretical," The Journal of Chemical Physics, vol. 21, no. 11, pp. 1987-1991,
1953. https://doi.org/10.1063/1.1698728

[26]S. O. Moharramzadeh, Say Kee; Alleman, James; Cetin, Kristen S., "Parametric study of the
progressive freeze concentration for desalination," Desalination, Research Article vol. 510, p.
115077 (article number), 2021 2021, Art no. 115077.
https://doi.org/10.1016/j.desal.2021.115077

129



Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 130-137 https://doi.org/10.21741/9781644903957-17

Phenolic Compounds Recovery from Palm Oil Sterilizer Condensate
using Synergistic Formulation

Norela JUSOH'22 Norasikin OTHMAN'2bt" Shuhada A. IDRUS-SAIDI"2¢"
Muhammad Abbas AHMAD ZAINI"29 |zzat Naim Shamsul KAHAR"¢,
Norul Fatiha Mohamed NOAH"f

"Faculty of Chemical and Energy Engineering, Universiti Teknologi Malaysia, 81310 Skudai,
Johor Bahru, Malaysia

2Centre of Lipids Engineering and Applied Research (CLEAR), Ibnu Sina Institute for Scientific
and Industrial Research, Universiti Teknologi Malaysia, 81310 Skudai, Johor Bahru, Malaysia

2norela.jusoh@gmail.com, Pnorasikin@cheme.utm.my, °shuhada.atika@utm.my,
dr-abbas@utm.my, ®izzatnaim.sk@utm.my, ‘norulfatiha.mn@gmail.com

Keywords: Phenolic Compounds, Palm QOil Sterilizer Condensate, Extractive Extraction,
Green Synergistic Formulation, Recovery

Abstract. Palm oil sterilizer condensate (POSC) has been identified as a promising source of
bioactive phenolic compounds (PCs), which are rich in antioxidant properties. In this study, a green
synergistic extraction approach was employed to recover PCs from POSC. The POSC was first
characterized to quantify its total phenolic content (TPC). The optimization and effects of key
parameters including synergistic extractant concentration, agitation speed, and feed:organic phase
ratio on the extraction PCs were evaluated. Additionally, the optimal condition for recovering PCs
from the loaded organic phase were investigated by varying stripping agent concentration. The
result revealed that POSC contains a high concentration of TPC, approximately 2500-4200 mg
GAE/L. An extraction efficiency exceeding 93% was achieved using a synergistic mixture of
0.3/0.0024 M trioctylmethylammonium chloride (TOMAC)/ D2EHPA, an agitation speed of 240
rpm, and a feed:organic of 2.5. Furthermore, More than 98% of the extracted PCs were
successfully recovered using 1/0.12 M NaOH/Na,COs. These findings highlight the potential of
POSC as a low-cost secondary source for PCs recovery and contribute to the valorization of palm
oil mill waste through sustainable resource utilization.

Introduction

Palm oil sterilization condensate (POSC) was acknowledged for its high content of phenolic
compounds (PCs) that exhibit antimicrobial, antioxidant, and nutraceutical properties [1]. The
efficient recovery of PCs contributes to waste valorization and support the circular economy
principles in palm oil production.Various techniques have been proposed to recover PCs from
agro-industrial wastewater such as adsorption [2], crystallization [3], distillation [4], forward
osmosis [5], integrated systems [6], membrane filtration [7], and liquid-liquid extraction [8].
Nonetheless, many of these methods involve significant drawbacks such as long processing times,
high energy requirements, elevated operational costs, and complicated procedures, making them
less suitable for large-scale industrial use.

Extractive extraction is a promising technique to extract and recover PCs due to its numerous
benefits, including high selectivity, low operational costs, scalability, and simplicity. It can
significantly improve recovery efficiency through the careful selection and combination of
diluents, extractants, and stripping agents [9]. Recently, research has been focused on utilizing
synergistic formulation to improve extraction efficiency. A synergistic formulation consists of two
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or more components that lead to better extraction efficiency or selectivity compared to their
individual component.

In this study, the recovery of PCs from POSC using a synergistic formulation was investigated.
An initial determination of total phenolic content (TPC) was conducted to assess the potential of
POSC as a secondary source for recovering PCs. The formulation consists palm/sunflower oils as
diluents, TOMAC/D2EHPA as extractants, and NaOH/Na,COs as stripping agents. The influence
of key parameters such as synergistic extractant concentration, agitation speed, and feed:organic
phase ratio on optimization of PCs extraction were evaluated. Additionally, the influence of
varying concentrations of NaOH and Na>COs in the stripping phase was examined to determine
the most effective condition for recovery efficiency.

Methodology

The POSC was obtained from Kahang Palm Oil Mill, Malaysia. Di-(2-ethylhexyl) phosphoric acid
(D2EHPA, 95% purity), Folin—Ciocalteu reagent, gallic acid (97.5% purity), and
trioctylmethylammonium chloride (TOMAC, 99% purity) were purchased from Sigma-Aldrich.
Sodium hydroxide (NaOH, 99% purity) and sodium carbonate (NaxCOs3, 99% purity) were
procured from Merck. Palm oil (Buruh) and sunflower oil (Sunlico) were obtained from
supermarket.

Determination of TPC

The POSC was pretreated by centrifugation (Kubota 5200, Japan) at 4000 rpm for 15 min to
eliminate suspended particles, followed by 30 min gravitational settling to separate oil residues.
The supernatant was subjected to vacuum filtration through a cellulose acetate filter (0.45 um) to
remove fine particulates that were not fully discarded during centrifugation. The TPC was
quantified using Folin-Ciocalteu calorimetric procedure [10]. The presence of PCs was also
confirmed by Fourier Transform Infrared (FTIR) spectroscopy.

Synergistic extractive extraction of PCs and design of experiments

The extraction process involved mixing the diluted pretreated POSC (550 mg GAE/L feed phase)
with the organic phase (synergistic mixture of TOMAC/D2EHPA in palm/sunflower oil), followed
by agitation using a mechanical shaker (IKA-KS 130 basic, Germany) for 5 h [11]. After
extraction, the feed and organic phases were allowed to separate by gravity for 30 min in a
separating funnel. The TPCs remaining in the feed phase was determined using the Folin—
Ciocalteu calorimetric procedure, and the extraction performance was determined based on the
mass balance approach.

Key parameters affecting the extraction process were investigated through response surface
methodology (RSM). A Box—Behnken design (BBD) was employed to generate 15 experimental
runs involving three parameters: synergistic extractant concentration (X;), agitation speed (X,),
and feed:organic phase ratio (X3). The experimental ranges and coded levels of these parameters
are displayed in Table 1. To predict the extraction efficiency under specific input conditions, a
regression model for the response (Y) was developed. The accuracy, significance, and adequacy
of the model were evaluated using analysis of variance (ANOVA) and Fisher’s F-test.

Table 1 Experimental ranges and coded levels of these operating parameters.

Code Operating Parameters Unit Range and levels
-1 0 +1
X Synergistic extractant concentration M] 0.1/0.0008 0.25/0.002 0.4/0.0032
(TOMAC/D2EHPA)
X, Agitation speed [rpm] 160 240 320
X5 Ratio of feed:organic [v/v] 1 3 5
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The recovery of PCs was carried out by mixing the loaded organic phase with an equal volume
of stripping agent solution at a predetermined concentration. The mixture was agitated at 320 rpm
for 18 h using an IKA-KS 130 mechanical shaker (Germany). Then, it was transferred into a
separating funnel and left to settle for 30 min to allow phase separation. The concentration of PCs
in the stripping phase was measured. The effects of NaOH and Na>COs; concentrations in the
stripping solution were studied to identify the optimal condition for recovery performance. The
extraction and recovery efficiency are calculated using Egs. (1) and (2) [12],

TPC; 5q — TPCtaq « 100 .
TPCiaq (1)
TPCtsaq

TPC;aq — TPCfaq

where TPC; 44, TPCf qq and TPCyg 44 represent the TPC (mg GAE/L) in the aqueous phase prior

to extraction, after extraction and after stripping, respectively.

% Extraction =

% Recovery = x 100 2)

Results and Discussion
Generally, the concentration of PCs in sterilizer condensate exhibits variability that is influenced
by both the grade of FFB and the production process. The concentration of phenolic compounds
in the POSC found in this study is significantly high, ranging from 2500 to 4200 mg GAE/L. A
variety of phenolic compounds may be present in the sample, potentially including catechin,
epicatechin, epigallocatechin, protocatechuic acid, quercetin, and p-hydroxybenzoic acid, as
identified by Neo et al. [13].

FTIR analysis in the 4000 to 650 cm™ range confirmed the presence of phenolic compounds,
as illustrated in Fig. 1. A broad band observed arround 3304 cm corresponds to the O-H
stretching vibration, which indicates the presence of hydroxyl groups from phenolics. The strong
absorption at 1637 cm™! refers to C=C stretching of aromatic systems, supporting the presence of
aromatic phenolics in POSC. The peak at 3264 cm™ is attributed to the N-H stretching of amide
groups, indicating the presence of amide-containing compounds in the POSC. A minor band near
2394 cm™! corresponds to the CO2 asymmetric stretch arising from dissolved COz in the raw POSC.
The weak band near 2116 cm™! represent trace alkynyl (C=C) vibration. The band at 1245 cm’!
likely reflects C-N stretching, and the peak at 1090 cm™ is attributed to C—O stretching of
carbohydrates or ethers. Features in the fingerprint region (800 to 600 cm™') indicate aromatic C—
H and CH> groups from long alkyl chains, consistent with residual fatty acids.

239427 | 688.08
39 1090.00
723.29

802.56

2116.03

1245.06

3304.22
1637.55

3264.00

cm-1

Figure 1 FTIR characterization for POSC.

Synergistic Extractive Extraction of PCs
The comparison between the actual and predicted is shown in Fig. 2. It can be seen the data points
are distributed in close proximity to the 45° line, along with high coefficient of determination (R?

132



Separation Technology - ICoST 2025 Materials Research Forum LLC
Materials Research Proceedings 59 (2026) 130-137 https://doi.org/10.21741/9781644903957-17

=0.9926), indicating good agreement between the actual results and the values predicted by the
BBD model. A quadratic equation model, derived through multiple regression analysis of actual
experimental values is shown in Eq. 3.

Predicted

80

70 75 80 85 &0 85
Actual

Figure 2 Predicted versus actual values for the PCs extraction performance.

Y = 92.38 + 3.36X; — 0.25X, — 2.02X5 + 2.00X, X, + 1.09X; X5 — 0.77X, X5 3)
— 8.08X2 — 4.31X2 — 0.22X2

Table 2 summarizes the ANOVA and regression analysis results for the quadratic model
developed to predict the PCs extraction performance. The results show a model F-value of 74.81,
which is significantly higher than the critical F-value (Fo50.05 = 4.77), indicating that the model is
statistically significant.

Table 2 ANNOVA for quadratic model of PCs extraction.

Source Sum of squares df  Mean square F-value F-tabulated (0=0.05)
Model 440.34 9 48.93 74.81 4.77

Residual 3.27 5 0.6540 - -

Cor Total 443.61 14 - - -

The effect of individual parameters is presented in Fig. 3. It is apparent from Fig. 3(a) that the
extraction efficiency increases with synergistic extractant concentration up to 0.3 M, and decreases
afterwards. This result is due to higher capacity of extractant to react with PCs in the feed phase.
The finding in accordance with Le Chatelier’s theory, whereby an increase in extractant
concentration promotes the forward progression of the reaction [14]. At higher extractant
concentrations, however, the extraction efficiency decreased. This phenomenon is associated with
the presence of excess extractant that initiates precipitate formation as a result of a reaction
between triglycerides from the diluent and TOMAC. The presence of the precipitate hinders the
complex formation between the extractant and PCs. The result is consistent with other studies by
Rewatkar [15], who exerted that increasing extractant concentration generally improves extraction
efficiency, but only up to a certain point, beyond which efficiency may decline due to saturation
or phase imbalance.

The effect of agitation speed is demonstrated in Fig. 3(b). The results show a slight
improvement in extraction efficiency is observed as agitation speed increases, up to an optimal
point, after which it decreases. As shown in the figure, the extraction is less efficient at low speed
(160 rpm), possibly due to incomplete phase mixing, which could limit the contact between the
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PCs and extractant. On the other hand, the excessive agitation at high speeds (320 rpm) can lead
to the formation of emulsions, which may hinder phase separation and reduce extraction efficiency.

The effect of feed:organic phase ratio is presented in Fig. 3(c). At lower ratio (1:1), higher
extraction was observed due to greater availability of extractant, as more organic phase was used
per unit feed. For economic reasons, minimizing the organic phase volume is preferred. Hence, a
higher extractant concentration is required to compensate for the larger feed phase volume.
Nevertheless, increasing the feed phase volume (5:1) decreases the extraction performance due to
the reduced amount of organic phase per unit feed, which leads to faster extractant saturation. This
outcome match those observed in earlier study [16]. While the individual effects generate useful
understanding into the role of each parameter, real-world extraction processes are driven by
interdependent relationships between variables. Therefore, the following section evaluates the
combined effects of these parameters to estimate optimal operating conditions.
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Figure 3 Effect of individual parameters on PCs extraction, (a) synergistic extractant
concentration, (b) agitation speed, and (c) feed:organic ratio.

Interaction between parameters

Fig. 4 displays the interaction plots between main parameters. Generally, interaction is observed
when the response changes according to the combinations of two parameters. The presence of non-
parallel lines reflects an interaction, where the impact of one parameter changes according to the
level of the other. Fig.4(a) depicts the interaction effect between synergistic extractant
concentration and agitation speed on the extraction efficiency, while keeping the feed:organic ratio
constant. The black and red lines represent response at low (160 rpm) and high (320 rpm) agitation,
respectively. Within the range of synergistic extractant concentration, there is a strong interaction
between both parameters, owing to the intersection of the curves around 0.25 M extractant
concentration, which significantly influences the mass transfer of PCs, thereby enhancing the
extraction efficiency.

The interaction between synergistic extractant concentration and feed:organic phase ratio at a
fixed agitation speed (240 rpm) is shown in Fig. 4(b). The interaction effect is exist as the gap
between the red curves (feed:organic = 5) and black curves (feed:organic = 1) is not constant across
synergistic extractant concentration. The gap is more pronounced at low synergistic extractant
concentration, suggesting that extractant limitation is a stronger constraint when the volume of
feed phase is high. At higher synergistic extractant concentration, the gap narrows, indicating
partial compensation by the higher availability of extractant molecules.

As shown in Fig. 4(c), the extraction efficiency curve for (feed:organic = 1) and (feed:organic
= 5) follow similar pattern with agitation speed. Both curves increase to a maximum near 240 rpm
and then decline slightly. The relatively parallel nature of the two curves indicates a weak
interaction between agitation speed and feed:organic ratio. This means that the influence of
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agitation speed on extraction efficiency is similar at both phase ratios, and changing feed:organic
does not markedly alter the shape or position of the response to agitation.

100+ Apgitation speed (rpm) 100 Fead:Organic (v/v) 100 Fead:Organic (v/v)
— 180 —320 —1 5 —1 5
95 4 05 4
g g g
8 &7 8
# H ]
o HE5 =
BD H B A
75 75 (c)
T T T T T T T T T T T
0.1/0 000 DU500002 D.4/0.0032 010D 0250002 000032 1&0 200 240 1RD 320
[TOMAC/D2EHPA] (M) [TOMACD2EHPA] M Agitation speed (rpm)

Figure 4 Interaction effect between parameters, (a) synergistic extractant concentration and
agitation speed, (b) synergistic extractant concentration and feed:organic ratio and (c) agitation
speed and feed:organic ratio.

The optimal conditions for PCs extraction were obtained at 0.3/0.0024 M TOMAC/D2EHPA,
an agitation speed of 240 rpm, and a feed:organic ratio of 2.5. Under these conditions, the model
predicted an extraction efficiency of 93.1%. Experimental verification under the same conditions
yielded 93.8% extraction, resulting in deviation of less than 1%. This low deviation confirms the
strong agreement between the predicted and experimental values, demonstrating that the RSM
model provides a reliable representation of the system’s behavior within the tested range.
Therefore, the model can be applied with confidence for optimization of PCs extraction.

Recovery

The recovery of was evaluated by varying the concentrations of the NaOH/Na,CO3 mixture as
shown in Fig. 5. Recovery improved from 65.9% to 98.8% as NaxCOs3 concentration increased
from 0.04 M to 0.12 M. NaOH promotes NaxCOs3 dissociation, and the resulting higher Na*
availability enhances stripping of PCs from the extractant complexes in the organic phase.
Recovery efficiency declined to 81.4% when Na;COs3 concentration increased to 0.4 M. This
reduction may be due to excess carbonate ions competing with PC ions for binding to Na* via
electrostatic interactions, as also suggested by Chen et al. [17]. At concentrations above 0.16 M, a
white precipitate formed at the stripping-organic interface, and at 0.4 M, a white creamy substance
appeared in the organic phase, likely from soap formation. Such formation creates mass-transfer
barriers that hinder the stripping reaction and may alter the chemical properties of the recovered
PCs. Therefore, 1/0.12 M NaOH/Na>,CO3 was chosen as the optimal concentration of stripping
agent in this study.
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Figure 5 Effect of Na2COj3 concentration on recovery efficiency at fixed NaOH concentration.

Conclusion

This study addressed the applicability of the synergistic extractive extraction process for extracting
and recovering PCs from POSC. A high concentration of PCs (2500-4200 mg GAE/L) was
detected in the POSC. At the optimal conditions of 0.3/0.0024 M TOMAC/D2EHPA, an agitation
speed of 240 rpm, and a feed:organic phase ratio of 2.5, 93.8% of PCs was extracted. The
maximum recovery efficiency of 98.8% was obtained with 1/0.12 M NaOH/Na>COs. Hence, the
results of this study highlight the potential for recovering PCs from POSC, supporting circular
economy principles and promoting resource valorization in vegetable oil production.

Acknowledgements

This work was supported by the Geran Kursi Premier Sarawak [SWK1.1: R.J130000.7346.1R046,
SWK1.0: R.J130000.7309.1R036]; Ministry of Higher Education (MOHE); Universiti Teknologi
Malaysia; and Centre of Lipids Engineering and Applied Research (CLEAR).

References

[1] P. Chantho, C. Musikavong, O. Suttinun, Removal of phenolic compounds from palm oil
mill effluent by thermophilic Bacillus thermoleovorans strain A2 and their effect on anaerobic
digestion, Int. Biodeterior. Biodegrad. 115 (2016) 293-301.
https://doi.org/10.1016/].ibiod.2016.09.010

[2] S. Demirci, S.S. Suner, S. Yilmaz, S. Bagdat, F. Tokay, N. Sahiner, Amine-modified
halloysite nanotube embedded PEI cryogels as adsorbent nanoarchitectonics for recovery of
valuable phenolic compounds from olive mill wastewater, Appl. Clay Sci. 249 (2024) 107265.
https://doi.org/10.1016/j.clay.2024.107265

[3] L. Dammak, M. Neves, H. Isoda, S. Sayadi, M. Nakajima, Recovery of polyphenols from
olive mill wastewater using drowning-out crystallization-based separation process, Innovative
Food Sci. Emerg. Technol. 34 (2016) 326-335. https://doi.org/10.1016/j.ifset.2016.02.014

[4] P. Mastoras, S. Vakalis, M.S. Fountoulakis, G. Gatidou, P. Katsianou, G. Koulis, N.S.
Thomaidis, D. Haralambopoulos, A.S. Stasinakis, Evaluation of the performance of a pilot-scale
solar still for olive mill wastewater treatment, J. Cleaner Prod. 365 (2022) 132695.
https://doi.org/10.1016/j.jclepro.2022.132695

[5] A.Y. Gebreyohannes, E. Curcio, T. Poerio, R. Mazzei, G. Di Profio, E. Drioli, L. Giorno,
Treatment of olive mill wastewater by forward osmosis, Sep. Purif. Technol. 147 (2015) 292-
302. https://doi.org/10.1016/j.seppur.2015.04.021

136


https://doi.org/10.1016/j.ibiod.2016.09.010
https://doi.org/10.1016/j.clay.2024.107265
https://doi.org/10.1016/j.ifset.2016.02.014
https://doi.org/10.1016/j.jclepro.2022.132695
https://doi.org/10.1016/j.seppur.2015.04.021

Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 130-137 https://doi.org/10.21741/9781644903957-17

[6] P.L.Pasquet, C. Bertagnolli, M. Villain-Gambier, D. Trébouet, Investigation of phenolic
compounds recovery from brewery wastewater with coupled membrane and adsorption process,
J. Environ. Chem. Eng. 12 (2024) 112478. https://doi.org/10.1016/j.jece.2024.112478

[7] A.V.Pablo, V. Carlotta, S.A. Carmen, C.U.B. Elena, V.V.M. Cinta, B.P. Amparo, A.B.
Silvia, Separation of phenolic compounds from canned mandarin production wastewater by
ultrafiltration and nanofiltration, J. Water Process Eng. 59 (2024) 105041.
https://doi.org/10.1016/j.jwpe.2024.105041

[8] B.Illoussamen, Y. Le Brech, I. Khay, M. Bakhouya, C. Paris, L. Canabady-Rochelle, F.
Mutelet, Hydrophobic deep eutectic solvents as green solvents for phenolic compounds
extraction from olive mill wastewater, J. Environ. Chem. Eng. 13 (2025) 116336.
https://doi.org/10.1016/j.jece.2025.116336

[9] S. Tonjes, E. Uitterhaegen, K. De Winter, W. Soetaert, Reactive extraction technologies for
organic acids in industrial fermentation processes — A review, Sep. Purif. Technol. 356 (2025)
129881. https://doi.org/10.1016/j.seppur.2024.129881

[10]K.H. Yim, M. Stambouli, D. Pareau, Solvent and emulsion extractions of gallic acid by
tributylphosphate: mechanisms and parametric study, Solvent Extr. Ion Exch. 32 (2014) 749-
762. https://doi.org/10.1080/07366299.2014.930646

[11]S.S. Suliman, N. Othman, M.A.A. Zaini, N.F.M. Noah, I.N.S. Kahar, Intensification and
enhancement of phenolic compounds extraction using cooperative formulation, Chem. Eng.
Process. Process Intensif. 211 (2025) 110220. https://doi.org/10.1016/j.cep.2025.110220

[12]L.N.S. Kahar, N. Othman, S.A. Idrus-Saidi, N.F.M. Noah, N.D. Nozaizeli, S.S. Suliman,
Integrated emulsion liquid membrane process for enhanced silver recovery from copper-silver
leached solution, Chem. Eng. Res. Des. 212 (2024) 434-444.
https://doi.org/10.1016/j.cherd.2024.11.018

[13]Y.P. Neo, A. Ariffin, C.P. Tan, Y.A. tan, Determination of oil palm fruit phenolic
compounds and their antioxidant activities using spectrophotometric methods, Int. J. Food Sci.
Technol. 43 (2008) 1832-1837. https://doi.org/10.1111/j.1365-2621.2008.01717.x

[14]C. Homsirikamol, N. Sunsandee, U. Pancharoen, K. Nootong, Synergistic extraction of
amoxicillin from aqueous solution by using binary mixtures of Aliquat 336, D2EHPA and TBP,
Sep. Purif. Technol. 162 (2016) 30-36. https://doi.org/10.1016/j.seppur.2016.02.003

[15]K. Rewatkar, Reactive separation of gallic acid: Experimentation and optimization using
response surface methodology and artificial neural network, Chem. Biochem. Eng. Q. 31 (2017)
33-46. https://doi.org/10.15255/cabeq.2016.931

[16]N. Jusoh, N. Othman, M.B. Rosly, Extraction and recovery of organic compounds from
aqueous solution using emulsion liquid membrane process, Materials Today: Proceedings.
(2021) https://doi.org/10.1016/j.matpr.2021.02.800

[17]1H. Chen, J. Wang, A.E. Willaims-Jones, Q. Zhu, L. Zheng, C. Zhao, Z. Liu, W. Xu, H. Wei,
L. Guo, J. Ma, Effects of carbonate species and chloride ions on calcium phosphate nucleation of
biological apatite, Sci. China Mater. 66 (2023) 2872-2884. https://doi.org/10.1007/s40843-022-
2424-4

137


https://doi.org/10.1016/j.jece.2024.112478
https://doi.org/10.1016/j.jwpe.2024.105041
https://doi.org/10.1016/j.jece.2025.116336
https://doi.org/10.1016/j.seppur.2024.129881
https://doi.org/10.1080/07366299.2014.930646
https://doi.org/10.1016/j.cep.2025.110220
https://doi.org/10.1016/j.cherd.2024.11.018
https://doi.org/10.1016/j.seppur.2016.02.003
https://doi.org/10.1016/j.matpr.2021.02.800
https://doi.org/10.1007/s40843-022-2424-4
https://doi.org/10.1007/s40843-022-2424-4

Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 138-144 https://doi.org/10.21741/9781644903957-18

Influence of Temperature, Flow Rate and Extraction Time on
Subcritical Water Extraction of Eugenol and Hydroxychavicol from
Piper Betel Leaves: A Comparative Study with Soxhlet Extraction

Zuhaili IDHAM'2". Mohd Sharizan MD SARIP2%b,
Noor Azwani MOHD RASIDEK?3¢, Siti Alyani MAT#4, Aishah ROSLI3¢,
Nik Zetti Amani NIK FAUDZI®f

'Department of Deputy Vice Chancellor (Research & Innovation), Universiti Teknologi Malaysia,
81310 UTM Johor Bahru, Johor, Malaysia

2Faculty of Chemical Engineering & Technology, Kompleks Pusat Pengajian Jejawi 3, Universiti
Malaysia Perlis (UniMAP), 02600 Arau, Perlis

3Centre of Lipids Engineering and Applied Research, Ibnu Sina Institute for Scientific and
Industrial Research, Universiti Teknologi Malaysia, 81310 UTM Johor Bahru, Johor, Malaysia

“Institute of Bioproduct Development, Universiti Teknologi Malaysia, 81310 UTM Johor Bahru,
Johor, Malaysia

SUTM Centre for Industrial and Applied Mathematics (UTM-CIAM), Ibnu Sina Institute for
Scientific and Industrial Research, Universiti Teknologi Malaysia, 81310 UTM Johor Bahru,
Johor, Malaysia

azuhailiidham@utm.my, Psharizan@unimap.edu.my, °noor.azwani@utm.my,
dsitialyani@utm.my, faishahrosli@utm.my, fnikzettiamani@utm.my

Keywords: Subcritical Water Extraction (SWE), Piper Betel Leaves, Eugenol,
Hydroxychavicol, Green Extraction

Abstract. Piper betel leaves are rich in phenolic compounds such as eugenol and hydroxychavicol,
which possess notable antioxidant and antimicrobial properties. This study evaluated the influence
of temperature (120 °C and 180 °C), flow rate (1, 3, and 5 mL/min), and extraction time (10, 20,
and 30 min) on the extraction of these compounds using subcritical water extraction (SWE), and
compared the results to Soxhlet extraction using ethanol at varying concentrations (25-100%). The
SWE results showed that eugenol yield increased from 0.52% at 120 °C to 0.83% at 180 °C, while
hydroxychavicol increased from 2.53% to 4.77%, indicating strong temperature dependence. Flow
rate significantly influenced hydroxychavicol, with the highest yield (13.75%) at 3 mL/min,
whereas eugenol increased steadily with higher flow rates. Extended extraction time (20—-30 min)
enhanced yields for both compounds, with maximum hydroxychavicol (5.17%) and eugenol
(0.74%) observed at 30 min. In contrast, Soxhlet extraction required longer time (6 h) and yielded
lower amounts: eugenol ranged from 0.03—0.23%, and hydroxychavicol from 0.48-2.29%, with
the best result at 75% ethanol. The study demonstrates that SWE is a faster, solvent-free, and more
efficient method for extracting high-value phenolics from piper betel compared to conventional
extraction, highlighting its promise for sustainable phytochemical recovery.

Introduction

Piper betel L., commonly known as betel leaf, is a tropical plant widely utilized in traditional
medicine across Southeast Asia. Its pharmacological properties are largely attributed to its high
content of bioactive phenolic compounds, particularly eugenol and hydroxychavicol, which
exhibit strong antioxidant, antimicrobial, and anti-inflammatory effects [1]. These compounds
hold great promise for applications in food, cosmetics, and pharmaceutical formulations.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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However, efficient and selective extraction of these phytochemicals remains challenging due to
their differing polarity, thermal stability, and susceptibility to degradation during processing [2,3].
Conventional methods such as Soxhlet extraction often involve organic solvents and prolonged
heating, which can lead to bulk amount of solvent residue, lower compound stability, and potential
loss of heat-labile compounds. These limitations have raised environmental and economic
concerns regarding the scalability and sustainability of traditional techniques [4,5].

In recent years, subcritical water extraction (SWE) has emerged as a green and efficient
alternative to conventional solvent-based techniques. SWE uses water at elevated temperatures
(100-374 °C) and pressures that maintain its liquid state, reducing its dielectric constant and
allowing water to act as a tuneable solvent capable of extracting a broad range of polar and semi-
polar compounds without the use of hazardous chemicals [6,7]. This technique aligns well with
green chemistry principles, offering improved selectivity, shorter extraction time, and minimal
environmental impact.

Although SWE has been successfully applied to extract phenolic compounds from various plant
matrices, limited studies have addressed its application on piper betel leaves, especially for the
simultaneous extraction of both eugenol and hydroxychavicol [2,3]. Moreover, a systematic
analysis of key SWE parameters such as temperature, flow rate, and extraction time and their
effects on compound yield have not yet been fully established.

To fill this gap, the present study aims to evaluate the effect of temperature, flow rate, and
extraction time on the SWE performance for recovering eugenol and hydroxychavicol from piper
betel leaves. The study also provides a comparative assessment with Soxhlet extraction under
various ethanol solvent compositions. The outcomes are expected to contribute to the development
of an efficient, environmentally friendly extraction strategy for high-value bioactive compounds,
promoting wider application of SWE in natural product recovery.

Methodology

Fresh piper betel leaves were collected from a local source, thoroughly washed to remove dirt, and
dried under ambient conditions away from direct sunlight. Once dried, the leaves were ground into
fine powder using a laboratory grinder and stored in airtight containers at 4 °C to maintain their
stability. Food-grade ethanol (>99.5%) was purchased from Sigma-Aldrich (USA) for Soxhlet
extraction, while standard compounds of eugenol (>99%) and hydroxychavicol (4-
allylpyrocatechol; TCI, Japan) were used for quantitative analysis.

Soxhlet extraction method

A total of 20 g of powdered betel leaf was placed in a cellulose thimble and extracted using ethanol
at four different concentrations: 25%, 50%, 75%, and 100% (v/v). For each run, 200 mL of solvent
was added to the round-bottom flask, and Soxhlet extraction was performed continuously for 4 h
using a heating mantle. After extraction, the solvent was evaporated using a MiVac vacuum
concentrator. The resulting extracts were stored at 4 °C until further analysis of eugenol and
hydroxychavicol content.

Subcritical water extraction

Subcritical water extraction (SWE) was conducted using a high-pressure batch system equipped
with a 10 mL stainless-steel extraction vessel, a metering pump, pre-heater, and a backpressure
regulator to maintain pressure. For each experiment, 5 g of powdered piper betel leaf was loaded
into the vessel and extracted with deionized water at a fixed pressure of 15 MPa to maintain the
subcritical condition. A single-factor experimental design (one-factor-at-a-time, OFAT) was
employed to investigate the individual influence of temperature, flow rate, and extraction time. In
each trial, one parameter was varied while the other two were kept constant. The SWE conditions
studied were as follows:
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(a) Temperature: 120 °C, 150 °C, and 180 °C (at 3 mL/min flow rate, 20 min extraction time)
(b) Flow rate: 1, 3, and 5 mL/min (at 150 °C, 20 min extraction time)
(c) Extraction time: 10, 20, and 30 min (at 150 °C, 3 mL/min flow rate)
After extraction, the aqueous extracts were collected in amber vials and stored at —20 °C to prevent
degradation until analysis. Each experiment was performed in triplicate.

Determination of eugenol and hydroxychavicol
Quantification of eugenol and hydroxychavicol in the extracts was performed using high-
performance liquid chromatography (HPLC) equipped with a photodiode array detector (PDA).
The separation was achieved on a reverse-phase C18 column (150 mm x 4.6 mm, 5 pm particle
size) using a gradient elution of 0.05% trifluoroacetic acid in water (Solvent A) and methanol
(Solvent B) at a flow rate of 0.5 mL/min. The gradient profile was set as follows: 80:20 (A:B) at
0 min, linear change to 20:80 from 8 to 16 min, and back to 80:20 at 17 min. Column temperature
was maintained at 30 °C, and detection was performed at 275 nm.

Extracts were redissolved in 10 mL of methanol, filtered through 0.22 um syringe filters, and
20 uL was injected for each run. Calibration curves for quantification were established using
standard solutions of eugenol (5-100 pg/mL) and hydroxychavicol (8-250 pg/mL) in methanol.

Results and Discussions

Effect of temperature on eugenol and hydroxychavicol

The influence of temperature on SWE of eugenol and hydroxychavicol from piper betel leaves
was evaluated at 120 °C, 150 °C, and 180 °C, respectively with flow rate and extraction time fixed
at 3mL/min and 20 min. The results showed a consistent increase in yield for both target
compounds with rising temperature (Fig. 1). Specifically, eugenol content increased from 0.52%
at 120 °C to 0.74% at 150 °C, reaching the highest value of 0.83% at 180 °C. Hydroxychavicol
content also followed a similar upward trend, increasing from 2.00% to 5.29%, and peaking at
7.45% at 180 °C.
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Figure 1 Effect of temperature on the eugenol and hydroxychavicol extracted from piper betel
leaves using SWE at constant flow rate (3 mL/min) and extraction time (20 min).

This enhancement is likely attributed to the decreased dielectric constant of water at elevated
temperatures, which improves the solubility of semi-polar compounds such as eugenol and polar
compounds like hydroxychavicol. Additionally, higher temperatures improve mass transfer by
promoting cellular disruption and diffusion of compounds from the plant matrix. These
observations aligned with [8], wherein the SWE temperatures between 130 °C and 240 °C are
optimal for enhancing the solubility and desorption of phenolic compounds through polarity tuning
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of water. Similarly, [9] reported a maximum phenolic recovery from onion peel at 180 °C using
SWE, emphasizing the efficiency of elevated thermal conditions in liberating plant-based
bioactives. In other work, [10] also reported significant enhancement in flavonoid yields from
citrus peels with increasing SWE temperature. Thus, temperature is a key driver of extraction
performance in SWE. The increased yields, especially for hydroxychavicol, confirm that higher
temperatures improve recovery efficiency and offer potential for temperature-based tuning in the
sustainable extraction of plant-derived phenolics.

Effect of flow rate on eugenol and hydroxychavicol

The impact of flow rate was examined at 1, 3, and 5 mL/min under constant temperature (150 °C)
and extraction time (20 min), as shown in Fig. 2. The eugenol yield showed a mild increase across
the flow rates, rising from 0.697% at 1 mL/min to 2.29% at 5 mL/min, with a slight decrease to
1.89% at 3 mL/min. This suggests that higher flow rates facilitate better solvent refreshment and
mass transfer, leading to enhanced solubilization and transport of eugenol. In contrast,
hydroxychavicol displayed a bell-shaped trend. The highest yield was obtained at 3 mL/min
(13.75%), whereas lower (7.07%) and higher (12.74%) yields were observed at 1 and 5 mL/min,
respectively. This pattern implies that moderate flow rates optimize the residence time of solvent
within the extraction vessel, allowing sufficient contact for solute desorption, particularly for more
polar and less diffusible compounds like hydroxychavicol.
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Figure 2 Effect of flow rate on the eugenol and hydroxychavicol extracted from piper betel
leaves using SWE at constant temperature (150) and extraction time (20 min).

These findings aligned with the observations of [11], who reported that certain phenolic
compounds such as scopoletin and alizarin from Morinda citrifolia (noni fruit) showed optimal
SWE yields at intermediate flow rates (2—3 mL/min). Reference [9] also emphasized that, while
higher flow rates improve extraction kinetics, they may not always translate to higher final yields
due to reduced residence time and equilibrium limitations. Overall, these results suggest that while
eugenol benefits from increased flow due to improved convective transport, hydroxychavicol
extraction is more sensitive to residence time requiring a balanced flow rate to maximize yield
without reducing solute-solvent interaction.

Effect of extraction time on eugenol and hydroxychavicol
The effect of extraction time was studied at 10, 20, and 30 min, while maintaining constant
temperature (150 °C) and flow rate (3 mL/min), as shown in Fig. 3. Eugenol content increased
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steadily from 0.44% at 10 min to 1.51% at 30 min. This trend indicates that extended extraction
time enhances compound diffusion and facilitates the release of eugenol into the solvent phase.

Hydroxychavicol yield, on the other hand, peaked at 20 min (9.69%) and slightly decreased to
6.46% at 30 min. The initial increase reflects enhanced solute-solvent interaction and improved
desorption. The subsequent decline could be due to thermal degradation or saturation effects that
limit further recovery at longer durations. This behaviour is in line with the findings by [12], who
noted that while longer SWE times can increase yields initially, prolonged exposure may result in
compound decomposition or decreased extraction efficiency due to equilibrium constraints.

These results highlight the importance of carefully optimizing extraction time, especially for
thermally sensitive compounds like hydroxychavicol. Extraction time is a key factor in ensuring
efficient recovery of both eugenol and hydroxychavicol. However, optimizing it must consider
both yield gains and energy or processing trade-offs, especially once yields begin to plateau.
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Figure 3 Effect of extraction time on the eugenol and hydroxychavicol extracted from piper betel
leaves using SWE at constant temperature (150 °C) and flow rate (3mL/min).

Comparison of SWE and Soxhlet method
The effectiveness of SWE was compared with Soxhlet extraction method for the recovery of
eugenol and hydroxychavicol from piper betel leaves, as summarized in Table 1. Based on the
chemical structures of the target bioactive compounds, eugenol and hydroxychavicol, polarity
plays a significant role in their solubility and extraction efficiency. Eugenol contains a methoxy
group and an allyl side chain, making it relatively less polar. Meanwhile, hydroxychavicol has two
hydroxyl groups, contributing to higher polarity and stronger hydrogen-bonding interactions with
polar solvents. Due to this polarity difference, the extraction behaviour of the two compounds
differs under various solvent environments. Polar solvents are expected to favour the extraction of
hydroxychavicol, while less-polar environments support higher eugenol solubility. Therefore, the
observed extraction yield trends align with the polarity-solubility relationship, suggesting that
solvent polarity and extraction technique strongly influence the recovery of each phytochemical.
Soxhlet extraction was conducted using ethanol at varying concentrations (25%, 50%, 75%, and
100%). The best yields for each compound using Soxhlet were obtained with 75% ethanol, which
produced 0.23% eugenol and 2.29% hydroxychavicol. In contrast, SWE demonstrated
significantly superior extraction performance in a shorter time and without the use of organic
solvents. Under the best SWE conditions tested (150 °C, 3 mL/min, 20 min), eugenol and
hydroxychavicol yields reached up to 1.89% and 13.75%, respectively. This represents an
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approximately 8-fold increase for eugenol and a 6-fold increase for hydroxychavicol compared to
the Soxhlet method.

Beyond extraction efficiency, SWE offers clear advantages in terms of environmental
sustainability and process efficiency. Unlike Soxhlet, which requires long extraction times and
high volumes of ethanol, SWE operates with only water as the solvent under controlled pressure
and temperature. The ability to selectively recover both polar and semi-polar compounds in a
single run further enhances the utility of SWE for natural product recovery.

These findings aligned with reports by [13], who highlighted SWE as an eco-friendly, high-
efficiency method capable of outperforming conventional extractions for thermolabile and
bioactive compounds. In addition, reference [14] emphasized SWE’s potential in pharmaceutical
and nutraceutical industries due to its low environmental impact and scalability. Overall, the results
of this study support the adoption of SWE as a green alternative to traditional solvent extraction
methods, especially for bioactive phenolics such as eugenol and hydroxychavicol from herbal
sources.

Table 1 Summary of extraction yields by SWE and Soxhlet.

Method Solvent / Conditions Eugenol (%) Hydroxychavicol (%) Solvent used

Soxhlet 25% ethanol, 6 h 0.03 0.48 Ethanol and water
Soxhlet 50% ethanol, 6 h 0.21 1.52 Ethanol and water
Soxhlet 75% ethanol, 6 h 0.23 2.29 Ethanol and water
Soxhlet 100% ethanol, 6 h 0.23 0.85 Ethanol only

SWE 150°C, 3 mL/min, 20 min 1.89 13.75 Water only
Conclusion

This study demonstrated the influence of key operational parameters, temperature, flow rate, and
extraction time on the recovery of eugenol and hydroxychavicol from Piper betel leaves using
SWE. Results indicated that increasing temperature significantly enhanced extraction yields for
both target compounds, with hydroxychavicol showing greater temperature sensitivity due to its
polar nature. The optimal flow rate for hydroxychavicol was found to be 3 mL/min, reflecting the
importance of balancing solvent residence time and mass transfer, while extended extraction time
(20-30 min) led to higher yields for both analytes. When compared to conventional Soxhlet
extraction, SWE showed substantially higher extraction efficiency, shorter processing time, and
eliminated the use of organic solvents. Under optimized SWE conditions (150 °C, 3 mL/min, 20
min), eugenol and hydroxychavicol yields were up to 8 and 6 times higher, respectively, than those
obtained using Soxhlet with 75% ethanol. The findings support SWE as a green, rapid, and scalable
alternative for the recovery of bioactive phenolics from herbal matrices. Moreover, this single-
factor study provides the foundation for further optimization using response surface methodology
(RSM) and for evaluating the bioactivity (antimicrobial and antibiofilm) potential of the SWE
extracts in future work.
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Abstract. Rising costs of conventional poultry feed protein like soybean and fish meals highlight
the need for sustainable, local protein sources. Trichanthera gigantea (T. gigantea), with around
22 % crude protein and a nutritionally rich in amino acid profile, offers potential as an alternative
protein source. The direct inclusion of 7. gigantea leaves in poultry diets is constrained by
antinutritional factors, limited digestibility, and reduced shelf stability. However, extraction of its
protein fraction provides a more efficient and practical avenue for nutritional utilization. This study
investigates the use of subcritical water extraction (SWE) technique, an environmentally friendly
and organic solvent-free technique that employs pressurized hot water to efficiently extract protein
from 7. gigantea leaves. SWE offers advantages such as enhanced extraction efficiency and
reduced reliance on organic solvents, aligning with the principles of green technology. To optimize
the extraction process, experiments were designed using response surface methodology (RSM)
with a central composite design (CCD), evaluating the combined effects of key parameters
including temperature (140—180°C), extraction time (10—40 min), and flow rate (1-3 mL/min).
The highest yield of protein (29.2%) was identified at 174°C, 38 min and flow rate of 3 mL/min.
ANOVA results showed that time taken was the most significant factor, followed by flow rate and
temperature. The findings of this study establish a foundational approach for the scalable and
efficient recovery of plant-based protein from 7. gigantea, contributing to the diversification of
sustainable poultry feed sources. This aligns with Malaysia’s National Food Policy Action Plan
2021-2025, which emphasizes local feed production and food security through environmentally
responsible innovation.

Introduction

Proteins are essential macromolecules that support animal growth, nutrition, and physiological
functions. In poultry, adequate protein intake is particularly important for muscle development,
egg production, and enzyme synthesis, making it a key determinant of performance and
productivity. As poultry production expands the demand for high-quality protein sources continue
to rise, driving interest in sustainability, plant-based alternatives derived from underutilized
biomass.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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One promising candidate is Trichanthera gigantea (T. gigantea), commonly known as
Nacedero, Madre de Agua, or Ketum Ayam in Malaysia, is a fast-growing perennial shrub with
relatively high crude protein content, making it a promising alternative to conventional protein
sources such as soybean, corn, and fish meal. The leaves contain approximately 22% crude protein,
offering considerable potential for livestock nutrition, particularly in regions where feed costs are
a major constraint [1]. However, its direct use in poultry diets remains limited due to antinutritional
factors, low digestibility in monogastric animals, and the short shelf life of fresh leaves. These
limitations highlight the need of processing strategies to improve its nutritional quality and
utilization.

Protein extraction represents one such strategy, as it not only concentrates and enhances protein
availability but also minimizes the impact of antinutritional compounds. Extraction performance
is influenced by both biomass composition and the extraction technique. Traditional aqueous or
solvent-based methods often require long processing times and may result in protein denaturation
or reduced yields [2]. Subcritical water extraction (SWE), a green extraction method, has gained
attention for its ability to enhance mass transfer and cell wall disruption while operating without
usage of organic solvents. In SWE, water is maintained between 100—374°C under sufficient high
pressure to remain in the liquid phase, reducing its dielectric constant and improving its solvating
power for polar and semi-polar compounds [3]. Compared to conventional extraction, SWE offers
faster extraction, reduced solvent usage and potential enhancement of protein solubilization
through improved cell wall disruption.

The effectiveness of SWE depends on parameters such as temperature, extraction time, and
flow rate, where high temperatures improve solubility but may cause thermal degradation.
Response surface methodology (RSM), especially central composite design (CCD), is widely used
to optimize these parameters while minimizing experimental runs [4]. CCD has been successfully
applied in protein extraction from various matrices, including duckweed (77.8% protein
solubilization) [5], polysaccharide extraction from Grifola frondosa (25.1% yield) [6], and SWE
of Chlorella vulgaris achieving up to 31.2 g protein per 100 g biomass [7].

This study aims to optimize the SWE conditions for protein extraction from 7. gigantea leaves
using RSM, evaluate the effect of the variables and compare the results with previous studies to
assess SWE’s effectiveness as an alternative protein extraction method. The findings provide
valorisation insight into viable protein recovery from 7. gigantea in animal feed production
through the application of environmentally friendly extraction technologies.

Materials and Methods
In this study, the raw materials of 7. gigantea leaves were obtained from a local farmer located at
Kampung Temenin, Kota Tinggi, Johor. The leaves were dried using oven dryer at 40°C for 24 h
to preserve the shelf-life before being grinded into 600 pm particle sizes. The samples were kept
in an airtight container and kept in a chiller approximately 4°C. List of all chemicals and reagents
that will be used in this study are as follow: sodium carbonate (NaxCO3, Chemiz®), MW; 105.99
g/mol, 99.5%), sodium hydroxide (NaOH, Merck Pty Ltd., MW; 40 g/mol, 99 %), copper sulphate
(CuS04.5H20, Chemiz®, MW; 249.68 g/mol, 99.6%), sodium potassium tartrate
(C4H4KNaOs.4H20, Chemiz®, MW; 283.23 g/mol, 99 %), Folin Ciocalteu (Merck), bovine serum
albumin (BSA, Sigma Aldrich).

Subcritical water extraction was conducted on a laboratory-scale extraction unit equipped with
a stainless-steel extraction cell (20 mL capacity), and a high-pressure pump (maximum pressure
200 MPa). Fig. 1 illustrates the SWE apparatus schematically. Extraction was carried out using
2+0.005 g of dried grind T gigantea leaves loaded into a tea bag and placed in the 10 mL stainless-
steel vessel of the extraction chamber with diameter 120 mm. The system allowed precise control
of temperature £ 1°C and flow rate. Distilled water was used as the extraction solvent. After
extraction, the collected extract containing protein in liquid formed was centrifuged to separate the
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liquid from the remaining solid and store at 4°C for analysis. The concentration of protein extracted
in this study will be analysed using the Lowry method.
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Figure 1 Subcritical water extraction scheme diagram.
Table 1 SWE design of experiment.
Run Temperature (°C)  Time taken Flow rate
(min) (mL/min)
1 140 10 3
2 180 10 1
3 140 40 1
4 160 10 2
5 160 25 3
6 160 25 2
7 160 25 2
8 160 25 2
9 160 25 2
10 180 40 3
11 180 25 2
12 160 25 2
13 160 25 1
14 140 40 3
15 160 25 2
16 160 40 2
17 140 25 2
18 140 10 1
19 180 40 1
20 180 10 3

A face centred central composite design (FCCD) with three independent factors, temperature
(140, 160, 180°C), extraction time (10, 20, 40 min) and flow rate (1.0, 2.0, 3.0 mL/min) under
constant high pressure (15 MPa) was used to evaluate the effects and interactions of each parameter
on protein yield. The design consisted of 20 experimental runs including six replicated at the centre
point as shown in Table 1. Experimental data from the FCCD is analyzed using regression (Design
Expert 13.0) and fitted to a second-order polynomial model to identify possible interactions
between parameter using response function as follows,

Y= ﬂko + z:i3=1 lgki Xi + Z?:l ﬁkii xiZ + Z?<j=2 lgkij Xi Xj (1)
where, Y is a response (%), fois the intercept, and [, Bii and Bij denote the coefficients for linear,
quadratic and interaction terms respectively, with X; and X; as the independent variables. The
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suitability and reliability of the quadratic model are evaluated using analysis of variance (ANOVA)
[4]. After model is derived from the FCCD, a confirmation reaction is conducted to test the model
validity. It is repeated for three times to evaluate the relative error. The relative error is calculated
using the predicted and actual reading.

Protein obtained from SWE was determined using the Lowry method assay [5] with BSA as the
standard, y = 1.1273x + 0.0423. Absorbance reading was taken at 660 nm using a UV-Vis
spectrophotometer (Shimadzu UV-160, Japan). The total protein yield (%) is given as follows.

Protein concentration(ﬂ) x solvent (ml)

Protein Yield (%) = ml X 100 (2)

Biomass weight (mg)

Results and Discussion

Optimization using RSM

RSM using FCCD was to determine the optimum operating conditions for protein extraction from
T. gigantea. The operating conditions were chosen according to the SWE system’s equipment
limits, while the range of independent variables results was selected based on preliminary study.
Although the system allows a flow rate up to 20 mL/min, only 1-3 mL/min was used to prevent
overpressure that could rupture the sample containment (tea bag) inside the extraction vessel. The
quadratic regression model is fitted with the actual experimental obtained by using the central
composite design method. Fig. 2 showed good correlation between the predicted and actual results
of the protein yield response. The final equation in term of actual factors is as follows,

Y=-88.79090 + 1.09938*T — 0.152262*¢ — 7.93176*F + 0.005130*T¢

+0.056471*TF + 0.126264*tF — 0.003643*T> — 0.009757** + 0.216638* > 3)
where Y is percentage protein yield, 7 is temperature, ¢ is time and F'is flowing rate.

The ANOVA table is shown in Table 2. The ANOVA results shows that a moderate high F-
value (18.85) and a very low p-value (0.0001). The lack of fit test yielded an F-value 0.7568 with
a p-value 0.6164, this implicates that the model adequately fits the experimental data [6] and
unexplained variation is mainly due to random error rather than model inadequacy. Besides that,
the F-value for each term namely linear (A, B, C) shows a high influence towards the protein yield,
with the largest influence F-value is 78.33, with p-value < 0.00001 for the extraction time (B),
followed by flow rate (C) (F = 48.76, p < 0.0001) and temperature (A) with F-value 22.69 and p-
value equals to 0.0008. The most interactive (AB, AC, BC) and quadratic (A%, B2, C?) were not
statistically significant, excepts the interaction between time taken and flow rate (BC) (F = 5.32,
p = 0.00437), suggesting a moderate higher-order effects that are still acceptable in predictive
modelling [7]. Fits statistics further support model reliability, with showed high coefficient of
determination (R?> = 0.944), adjusted R? (0.894) and predicted R? (0.774), indicating a good
agreement between observed and predicted responses and strong signal-to-noise ratio. Overall, the
model is robust and suitable for optimizing SWE conditions for protein extraction from 7.
gigantea, consistent with previous RSM [8]. In this study, all of the linear factor (A = temperature,
B = time taken an C = flow rate) significantly influence the response model. The influences
strength is as follows: time taken > flow rate > temperature.
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Figure 2 The actual and predicted yield of protein extraction from T. gigantea using SWE.
Table 2 ANOVA for quadratic regression model for protein extraction from T. gigantea.

Source Sum of squares df Mean F-value p-value
square
Model 914.62 9 101.62 18.85 <0.0001  Significant
A-Temperature 122.29 1 122.29 22.69 0.0008
B-time taken 422.25 1 422.25 78.83 <0.0001
C-flow rate 262.83 1 262.83 48.76 <0.0001
AB 18.95 1 18.95 3.52 0.0903
AC 10.20 1 10.20 1.89 0.1989
BC 28.70 1 28.70 5.32 0.00437
A? 5.84 1 5.84 1.08 0.3225
B? 13.25 1 13.25 2.46 0.1479
C? 0.1291 0.1291 0.0239 0.8801
Residual 53.90 10 5.39
Lack of Fit 23.22 5 4.64 0.7568 0.6164 ot
significant
Pure Error 30.68 5 6.14
Cor Total 968.51 19
Std. Dev. 2.32 R? 0.9443
Mean 12.14 Adjusted R? 0.8943
CV.% 19.13 Adeq Precision 18.4220

The effect of temperature on the protein extraction of 7. gigantea using SWE was investigated
within the range of 140°C, 160°C and 180°C, refer Fig. 3(a). An increase in temperature from
140°C to approximately 165°C to 170°C with extraction time 16 to 30 min enhanced protein
recovery from around 8% to 10% to approximately around 22%. This improvement reflects greater
protein solubilization and cell wall disruption under higher thermal energy and longer contact
duration [9]. The interaction between temperature and time taken also detected, as the influence of
temperature became more pronounced at longer extraction times. The highest yield (~22%) was
obtained when both variables were simultaneously at elevated levels [10]. Overall, the dome-
shaped surface suggests that optimal SWE performance lies within an intermediate range of
temperature and time, beyond which excessive conditions reduce extraction efficiency.

Several studies similarly reported that protein yield increases with both extraction temperature
and time taken under SWE conditions. For instance, in de-oiled rice bran, protein yield reached
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219+26 mg/g at 200°C for 30 min, with extraction yield rising steadily as temperature and time
taken increased [11]. Comparable findings were observed for rice bran and soybean meals, where
the optimum recovery occurred after 30 min at 220°C, 210°C, and 200°C for rice bran, raw
soybean, and de-oiled soybean meal, respectively, confirming the synergistic effect of elevated
temperature and prolonged exposure on protein release [12].

The response surface-plot examining the combined effects of extraction time (B) and flow rate
(C) on protein yield demonstrates clear linear, interaction and quadratic dependencies, refer Fig.
3(b). Protein yield ranged from approximately (~5%) at lowest flow rate (I mL/min) and shortest
time (10 min) to a maximum of roughly (~25%) at moderate flow rate (~2.5 mL/min) and longer
extraction time (~35 min). The upward slope of the surface indicates a positive linear effect of
flow rate, which is expected as higher flow rates enhance mass transfer that helped in improving
the protein efficiency [13], while extraction time effects milder but still linear is observable. When
prolonged contact allows more diffusion and solubilization of protein molecules into the solvent
system [14]. In the present study, protein yield increased with both extraction time and flow rate,
indicating that prolonged exposure is essential for protein unfolding and diffusion, while higher
flow rates enhance solvent turnover and maintain a strong concentration gradient that facilitates
solute transport [15].

The slight curvature of the surface reflects a quadratic response, where yields plateau at higher
combinations of flow rate and time, suggesting diminishing returns once readily extractable
proteins are removed or when diffusion becomes limiting. Similar plateauing behavior has been
reported in SWE studies on Chlorella vulgaris and duckweed under optimized conditions [16].
Past study also reported that at highest water-to-solid ratio induced in extraction of protein content
in soybean flakes for 30 min has the highest protein efficiency [17].

The response-surface plot representing the combined effects of temperature (A) and flow rate
(C) on protein yield as shown in Fig. 3(c), shows a much stronger extraction response than the
previous surface, with yields increasing from approximately 0% at low temperatures (140—150°C)
and low flow rates (1-1.2 mL/min) to about 27-28% at the highest temperature (~180°C) and a
flow rate 3 mL/min. This pattern reflects pronounced positive linear effects of both variables.
Higher temperatures enhance protein release by reducing water’s dielectric constant, improving
its solvating power and promoting more effective cell wall disruption, allowing proteins to diffuse
more readily into the solvent phase [18]. Likewise, increased flow rate improves mass transfer and
solvent—sample contact, enabling faster leaching of soluble proteins from the plant matrix [10].
The curvature observed at the upper levels of both factors indicates a quadratic effect, where the
yield begins to plateau as extraction approaches equilibrium or when diffusion becomes limiting
[19].

The finding from this study aligns with results from Benito-Roman et al. [15] where increasing
flow rate from 2.5 to 6 mL/min did not significantly improve phenolic extraction under SWE,
indicating that external mass transfer was not limiting under their conditions. Similarly, Jamaludin
etal. (2021) [20], observed that phenolic yields from noni fruit increased substantially with flow
rate from 1 to 2 mL/min, but only slightly from 2 to 3 mL/min, suggesting that beyond a certain
point, further increases in flow rate produce diminishing returns due to diffusion control.
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Figure 3 3D Responses of protein extraction from T. gigantea using SWE.

Table 3 Corresponding measured and predicted data for the statistical model validation.

No Condition Conversion [%] Relative error [%]
Predicted Measured

1 Temperature 174°C, time taken 28.3 29.0 2.51

2 38 min, flow rate 3 mL/min 29.2 3.20

3 29.1 2.63

Average relative 2.78
error [%]

Optimization process and data validation

The optimized conditions generated from the model equation, Eq. (3) were used to identify the
parameter settings that maximize protein yield of 7. gigantea by using SWE, producing 100
solution points from the numerical optimization process. The selected optimum extraction
conditions capable of achieving a predicted protein yield of 28.4% were determined to be a
temperature of approximately 174°C, an extraction time of 38 min, and a flow rate of 3 mL/min.
The experimental verification under these optimized conditions is summarized in Table 3, which
compares the actual protein yield (~ 29.2%) with the model-predicted value. A low average relative
error of 2.78% was recorded, indicating strong agreement between predicted and experimental
results. This result is strongly supported by literature confirming that T. gigantea leaves are high
in protein biomass, typically between 17.9% and 26.5% crude protein on dry basis [21,22]. In
comparison with other biomass protein extraction by using SWE, study revealed that extraction of

wheat germ protein using SWE using batch reactor at 170°C, highlighted maximum protein yield
0f22.93 g/100 g-WG for 30 min [23].
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Conclusion

In conclusion, the subcritical water extraction method was promising in extracting protein from 7.
gigantea with maximizes protein up to ~ 29%. At the optimized conditions were found at
temperature 170°C, for 38 min at flow rate 3 mL/min. Extraction time played a critical role, as
prolonged treatment facilitated protein unfolding, diffusion, and solubilization, thereby enhancing
yield. Similarly, increasing temperature promoted cell wall disruption and protein denaturation,
which improved solubilization into the solvent, while higher flow rates enhanced solvent turnover
and mass transfer, ensuring more effective washing of proteins from the matrix. These results are
consistent with established trends in SWE, where elevated temperature, adequate extraction time,
and moderate-to-high flow rates act synergistically to maximize protein recovery.
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Abstract. Mimosa pudica linn, a creeping plant with either annual or perennial flowering, is
commonly known as Daun Semalu in Malaysia. This plant has gained worldwide recognition
among researchers not only for its unique reaction upon touch, but also for its long-standing used
in traditional medicine. In this study, Response surface methodology (RSM) was used to determine
the ideal extraction conditions of the plant leaves by Soxhlet extraction. The study was conducted
using ethanol as the solvent at three different concentrations (50%, 70% and 90%) with varied
feed-to-solvent ratios (1:15, 1:17, 1:20). The highest extraction yield achieved is 18.61% at ratio
of 1:20 with a solvent concentration of 90%. Whereby the optimum conditions predicted by RSM
is at a feed-to-solvent ratio of 1:2 (0.05) and a solvent concentration of 89.59% which estimated
an extraction yield of 18.72%. Further analyses using Fourier transform infrared spectroscopy
(FTIR) and gas chromatography-mass spectrometry (GC-MS) were also conducted to identify the
bioactive compounds present in the extracts. FTIR results indicated the presence of various
functional groups such as phenolics, alcohol, and alkene groups, suggesting the presence of
bioactive compounds. GC-MS analysis identified several key compounds, including benzene,
phytol, and phenol, 2,4-bis(1-methyl-1-phenylethyl)-, which are known for their therapeutic
properties.

Introduction

Various plant species which grow abundantly and are commonly encountered have already
scientifically proven to possess medicinal properties. Among these plants is Mimosa pudica Linn,
where the parts containing medical properties are the herbs and roots [1]. Mimosa pudica Linn,
commonly known as ‘Putri Semalu’ by the locals, is a wild plant that can be found on the side of
the road or in the field. The plant has round, hairy, and thorny stems with small compound leaves
that fold in response to touch or physical contact [1]. Mimosa pudica Linn has been esteemed for
its therapeutic attributes across a range of traditional medicinal practices, such as Ayurveda,
Chinese, African, Korean, and American traditions [2]. As mentioned by [3], several screening
studies have been carried out to investigate its antimicrobial activity, highlighting the medicinal
importance of the plant's leaves, which have been used to treat diseases related to blood and bile,
bilious fever, and others. Mimosa pudica Linn also contained antioxidant, anti-venom, anti-
hepatoxic, diuretic, and wound-healing activities [3]. However, the potential of this medical plant
to treat various diseases is still not widely acknowledge in Malaysia.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Soxhlet extraction is an effective method that have been widely utilized for isolating organic
compounds from both solid and liquid mixture, specifically in the research of plant analysis [4].
Soxhlet extraction often be utilized to acquire essential oils, alkaloids, tannins, and other bioactive
constituents from plant leaves [5]. However, several variables such as the nature of the sample,
extraction temperature and time, as well as the properties and quantity of the solvent can affect the
overall extraction effectiveness and concentration yield [6].

The extraction of Mimosa pudica Linn had been previously studied by using several separation
techniques such as maceration [7], hydrodistillation with Clevenger apparatus [8], supercritical
fluid extraction (SFE) [9], and Soxhlet extraction [10]. Among other methods, Soxhlet extraction
provides higher extraction efficiency, reproducibility and scalability, as well as ensuring better in
both utilization of solvent and heat control during extraction process. Soxhlet extraction managed
to overcome the limitations in others by producing higher yields and more consistent results,
offering greater protection for thermolabile compound and having a low-cost and easily performed
method. This study delves into the optimization of Soxhlet extraction of Mimosa pudica Linn,
aiming to determine the optimum conditions based on the feed-to-solvent ratio as well as the
solvent concentrations. To statistically analyse the yield of extract from this plant, response surface
methodology (RSM) modelling is employed to determine the optimal extraction conditions.

Methodology

Mimosa pudica Linn leaves sample was collected in an open area within the University Malaysia
Sarawak (UNIMAS) campus. The obtained leaves were then dried to remove the moisture.
Afterward, the plant sample was ground into a fine powder and subsequently kept in an airtight
container until further use.

A total of 10 g of dried Mimosa pudica Linn powder was weight and placed into a thimble made
of thick filter paper. The thimble was placed in the main chamber of the Soxhlet extraction.
Afterward, 170 ml of ethanol at 70% concentration was poured into the round bottom flask. The
solvent was heated until it attained approximately at 80°C. This extraction process was repeated
for a duration of 90 min. The extraction was conducted under the conditions specified in Table 1
provided below.

Table 1 Factors and levels of Soxhlet extraction of Mimosa pudica Linn.

Factors Levels
Feed to solvent ratio 1:15 1:17 1:20
Solvent concentration (%) 50 70 90

Once Soxhlet extraction process completed, solvent-extract mixture was transferred to a rotary
evaporator. The solvent-extract mixture undergoes rotary evaporation at a temperature of 73°C and
was rotated at a moderate speed to eliminate any residual solvent and water, forming a thin film of
extract on the inner surface. The extract yield of Mimosa pudica Linn was determined by
measuring the weight of the extract after solvent removal by rotary evaporator and calculated using

Eq. (1).
Percent Yield (%

) __ Mass of Mimosa pudica Linn extract obtained

x 100 (1)

Mass of powdered Mimosa pudica Linn sample

RSM comprises a set of mathematical and statistical techniques employed in creating empirical
models. RSM is utilized in the experiment to optimize a response influenced by multiple
independent factors, where it aims to estimate the best system efficiency. A 2-factors and 1-level
design was set with 13 experiment runs to analyze the effect of different operating conditions on
the yield of Mimosa pudica Linn extract.
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Results and Discussion

To optimize the extraction process of Mimosa pudica Linn, RSM was utilized with the assistance
of Design Expert Version 13 software. The faced-centered central composite design (CCD) was
selected as the experimental model due to its effectiveness in evaluating the impacts of multiple
factors. Table 2 shows the extract yield of the plant after the drying process. The fresh Mimosa
pudica Linn contained approximately 7% of moisture, which was removed to ensure consistent in
sample mass and comparability across experimental runs.

Table 2 Yield of Mimosa pudica Linn extraction at different feed-to-solvent ratios and different
solvent concentrations.

Run Feed to solvent ratio Solvent concentration (%) Extract yield (%)

Actual Predicted Residual

1 1:17 70 14.81 11.93 2.88
2 1:15 50 0.99 4.91 -3.92
3 1:17 70 13.31 11.93 1.38
4 1:17 90 16.91 16.69 0.22
5 1:20 50 8.51 9.45 -0.94
6 1:20 70 11.71 14.20 -2.49
7 1:17 70 12.71 11.93 0.78
8 1:17 70 8.31 11.93 -3.62
9 1:17 70 12.63 11.93 0.70
10 1:17 50 12.41 7.18 5.23
11 1:20 90 18.61 18.96 -0.35
12 1:15 90 14.91 14.42 0.50
13 1:15 70 9.31 9.66 -0.35

The relation between the two manipulated variables (feed to solvent ratio and solvent
concentration) and the extraction yield were analysed using a face-centered CCD with four
factorial points, four axial points, and five centre points. The design models yielded a total of 13
runs with different combinations, which were utilised to construct the regression model.

The analysis of Mimosa pudica Linn extract was performed using multiple model types within
the framework of RSM. These model summary statistics provide insights into how well the model
fits the experimental data and help in assessing the model's predictive power. The study examined
linear, 2FI (two-factor interaction), quadratic, and cubic models, each of which was assessed for
fit and predictive power as shown in Table 3. The table shows that linear model with R? value of
0.6901, signifying that approximately 69.01% of the variation in extract yield can be accounted
for by the model. From the table, the predicted R? of 0.4389, which is considerably less than the
adjusted R?, raises the possibility of problems like a big block effect, incorrect model specification,
or anomalies in the data, such as outliers.

The adjusted R? score is reduced to 0.6282, indicating that it has been adjusted to allow for the
number of predictors. The difference between the adjusted R? and predicted R? is less than 0.2
which shows a reasonable agreement between the two values. While the PRESS (predicted residual
mistake sum of squares) of 135.36 signifies the model mistake in forecasting new data. A lower
PRESS value indicates that the model has a better fit and is more likely to provide accurate
predictions for new observations [11]. In this context, the PRESS value of 135.36 suggests that the
linear model performs reasonably well in predicting new data compared to the other models
evaluated.
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Table 3 Model summary statistics.
Source  Std. Dev  R?*>  Adjusted R> Predicted R> PRESS

Linear 2.73 0.6901 0.6282 0.4389 135.36  Suggested
2F1 2.81 0.7053 0.6070 0.1713 199.91
Quadratic 2.64 0.7983 0.6541 -0.1635 280.67
Cubic 2.30 0.8904 0.7370 -0.5534 374.72  Aliased
Table 4 ANOVA for linear model.
Source Sum of squares (SS) df Mean square F-value p-value
Model 166.48 2 83.24 11.14  0.0029 Significant
A-Feed to solvent ratio 30.92 1 30.92 4.14 0.0694
B-Solvent concentration 135.57 1 135.57 18.14 0.0017
Residual 74.75 10 7.47
Lack of fit 51.24 6 8.54 1.45 0.3738 Not
significant
Pure error 23.50 4 5.88
Cor total 241.23 12
R? 0.6901
Adeq precision 10.6953
VIF 1.0

Table 4 presents the results of the ANOVA linear model analysis of Mimosa pudica Linn
Soxhlet extraction. ANOVA analysis offers crucial insights into the importance and impact of
many factors on the response variable. Apart from that, as stated by [12], the F-value and p-value
are the two crucial parameters for ANOVA analysis. As observed from Table 4, the model is
significant, as evidenced by a p-value of 0.0029 (below than 0.05). This indicates that the
combination of factors in the model explains an important part of the variation in the response
variable and it also exert a statistically significant influence on the result.

When analysing the specific factor of feed-to-solvent ratio, the sum of squares (SS) is 30.92
and the mean square is also 30.92. This results in an F-value of 4.14 and a p-value of 0.0694.
Although this indicates that the feed-to-solvent ratio has some effect on the response variable, it is
not statistically significant at the 5% level. The marginal significance may be due to the narrow
experimental range used in this experiment, which produced only minimal perturbation to the
extraction system. Nonetheless, although this factor resulted in insufficient yield variation for the
model to detect a significant effect, it should not be dismissed. The relatively low p-value suggests
a potential pattern that this factor might still influence the response under different conditions or
in combination with other factors [13].

On the other hand, the concentration of the solvent has a substantial impact on the response
variable in the extraction process of Mimosa pudica Linn. This is evident from the SS of 135.57,
the mean square of the same value (135.57), an F-value of 18.14, and a p-value of 0.0017.
Therefore, the solvent concentration should be regarded as a crucial variable in the extraction
process. The residuals, having SS of 74.75 and a mean square of 7.47, indicate the amount of
variation in the response that is not accounted for by the model. The lack of fit, as indicated by SS
of 51.24, a mean square of 8.54, an F-value of 1.45, and a p-value of 0.3738, is not significant.
This suggests that the model used fits the data well, and there is no strong evidence to support the
idea that a higher-order model would provide a better response [13]. The objective function as
stated in Eq. (2) is obtained from the Linear model, where A represents the feed-to-solvent ratio
and B represents the solvent concentration. This objective function can be a valuable tool for future
optimization efforts, aiding researchers in adjusting these factors to maximize extract yield.

Y =10.91935 -267.05882 A +0.237667 B (2)
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The contour plots and 3D surface diagrams in Fig. 1 shows the influence of solvent
concentration and the feed-to-solvent ratio on the extraction yield. In these findings, a colour
gradient was utilized where red presents the highest yield and blue indicating lowest yield. This
trend indicated that the feed-to-solvent ratio does influences the extraction efficiency and the
separation in Soxhlet extraction, aligning with previous studies that reported at higher feed-to-
solvent ratios, the contact and mass transfer between solvent and solid material is improved, which
alternately facilitated dissolution and extraction processes [14]. As clarified in Fig. 1(b), the
maximum yield was obtained at a feed-to-solvent ratio of 0.05 (1:20), afterward the yield gradually
declined as the ratio increased to 0.067 (1:15).

(a) (b)
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Figure 1 (a) Contour plots of the extract yield as a function, (b) 3D diagram of the extract yield
as a function.

The extraction yield is significantly affected by the concentration of the solvent employed in
the process whereby higher solvent concentrations lead to higher yields. This can be clarified by
several theoretical principles. According to [15], the solubility of chemicals in a solvent is greatly
influenced by the polarity of both the solvent and the compound being extracted. Higher
concentrations of solvents generally result in greater purity of the solvent, which in turn enhances
the solubility of the desired compounds. In addition, [16] mentioned increased solvent
concentrations improve the rate at which molecules are transferred between the solid and liquid
phases. The experimental results displayed in Table 2 show the yields obtained with 50% ethanol
were consistently lower, regardless of the ratio of feed to solvent. While at 70% ethanol yields
varied, this occurred likely due to systematic errors during the experiment such as inconsistent
temperature of the heating mantle. In contrast, 90% ethanol generated greater amounts, reaching
up to 18.61% at a 1:20 ratio.

Table 5 highlights FTIR analysis of Mimosa pudica Linn extract from Soxhlet extraction at 90%
concentration of ethanol and a feed-to-solvent ratio of 1:20. Notable peaks were observed at
3240.41 cm™ and 2920.23 cm™! corresponding to functional group of phenolic and alkanes (C-H).
These findings align with [17], who reported a close range of strong absorption band around
3476.87 cm™ and 2922.86 cm™ for phenolic and alkanes functional group respectively. A
significant peak at 1604.77 cm™ indicated the presence of primary amines (N-H), consistent with
[17]’s finding of primary amines (N-H) stretching around 1654.37 cm™. Other peak at 1435.04
cm™', and 1357.89 cm™! also pointed to alkanes (C-H), comparable to alkanes peaks found by [18]
and [17] at stretching bond of 1474.20 cm™ and 1326.97 cm™* respectively. The availability of
alcohol functional groups was validated by the absorption peak recorded at 1257.59 cm™ (C-O
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stretching), which closely matched with the value documented by [18] at 1194.6 cm™. Overall,
the Mimosa pudica Linn FTIR analysis was aligned with the previous research, supporting the
chemical composition result of plant extracts. The spectrum identified the presence of alcohols,
alkanes, phenolics, and primary amines within the extract. These groups were acknowledged for
its bioactivity and potential therapeutic properties. Thus, implying the extract possessed possible
medicinal benefits, consistence with its long-standing use in traditional medicine practices.

Table 5 FTIR analysis of Mimosa pudica Linn extract.

Absorption frequency (cm™) Possible functional groups Stretching vibration
3240.41 Phenolic O-H
2920.23 Alkanes C-H
1604.77 Primary Amines Cc=C
1435.04 Alkanes C-H
1357.89 Alkanes C-H
1257.59 Alcohols Cc-0

The GC-MS analysis of the Mimosa pudica Linn extract revealed a complex mixture, with a
total of 50 distinct peaks detected. Among these, five main peaks were identified as major
compounds as summarized in Table 6. Benzene is observed at the 2nd peak, suggesting its
relatively high abundance among the components. Benzene, though commonly found in various
plants, is noted for its role as a precursor in the biosynthesis of more complex aromatic compounds
[19]. Phytol at the 37th peak, is a diterpene alcohol that is often associated with antioxidant and
anti-inflammatory properties, aligning with the medicinal uses of Mimosa pudica Linn [20].
Meanwhile phenol, 2,4-bis(1-methyl-1-phenylethyl at peak 50th is significant for its antiseptic and
antioxidant properties, which could enhance the antimicrobial activity of the extract. The 47th peak
is classified as 9-Octadecenamide, (Z)-, generally indicated to as oleamide. Oleamide was a fatty
acid amide, has been informed to possess sedative and analgesic properties [21]. At the 34th peak
was classified as 7,9-di-tert-butyl-1-oxaspiro (4,5) deca-6,9-diene-2,8-dione. This compound,
identified for its structural stability and distinctiveness was considered to contribute to the
phytochemical profile of the extract.

Table 6 Major compounds of Mimosa pudica Linn extract identified in GC-MS.

Peak  Area  Area[%] Compound name

2 1606019 9.22 Benzene

34 164147 0.94 7,9-di-tert-butyl-1-oxaspiro (4,5) deca-6,9-diene-2,8-dione
37 899440 5.16 Phytol

47 26241 1.51 9-octadecenamide, (Z)-

50 510515 2.93 Phenol, 2,4-bis(1-methyl-1-phenylethyl)-

Conclusion

The optimization of Mimosa pudica Linn extract using the Soxhlet method was conducted by
manipulating feed-to-solvent ratios and solvent concentrations. Through a series of experiments
combined with RSM analysis, the objectives of this study were achieved by determining optimal
conditions to obtain maximum extraction yield. The optimum conditions were determined at a
feed-to-solvent ratio of 1:2 (0.05) and a solvent concentration of 89.59% which estimated an
extraction yield of 18.72%. This estimated value is comparable with the maximum experimental

159



Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 154-161 https://doi.org/10.21741/9781644903957-20

yield (18.61%), thus validating the reliability and accuracy of the model. FTIR and GC-MS
analyses provided both qualitative and quantitative information relating to the functional groups
and chemical compounds contained in the extract. The FTIR spectrum confirmed the presence of
alcohols, alkanes, phenolics, and primary amines, while the GC-MS analysis classified several
major compounds, including benzene, 7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione,
phytol, 9-octadecenamide (Z)-, and phenol, 2,4-bis(1-methyl-1-phenylethyl)-. The findings
revealed the chemical composition of the extract and supported its potential applications in
medicinal research.
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Abstract. Acid gas removal unit (AGRU) is a pivotal component of a natural gas processing plant.
The primary purpose of acid gas removal is to reach the industrial pipeline standard of H2S below
four ppm and COz below 2% per volume for pipeline quality. The most widely used technique is
an absorption-based AGRU using amine as a solvent. MDEA is the most utilized solvent but has
the drawback of absorbing CO,. The mixture of other amine and physical solvents is necessary to
assist the absorption of CO,. However, the main problem of mixing solvents is parameter
complexity. The machine learning method is utilized to find the most optimal solvent based on its
operational parameters. LightGBM tuned with Optuna are used to classify the solvent component,
followed by K-means to identify solvent composition. The algorithm is applied to six different
solvent blends and two feed gas compositions, resulting in 37,786 data points. The LightGBM
model tuned with Optuna performed excellently with accuracy of 0.98 and training time under 0.2
seconds. K-means showed the silhouette score averaging 0.5, showing that the data is not well
clustered. This model demonstrates reliable capability in analyzing and distinguishing the solvent
component and its respective composition.

Introduction

Natural gas was presented as the most environmentally friendly fossil fuel, with the CO2 emission
23.2% and 57.4% lower than oil and coal, respectively [1]. The purification of natural gas from
dangerous gas such as H>S and COz is critical in industrial chemistry to guarantee the quality of
product gas. Hence, it is essential to fulfil the industrial pipeline standard of H>S below 4 ppm and
COz below 2% per volume for pipeline quality [2,3]. To achieve this feat, the removal of HoS and
CO> from natural gas is essential.

In recent developments, several techniques have been implemented in the AGRU process,
including physical and chemical solvent absorption, adsorption, membrane, etc. However, among
all the techniques, absorption-based AGRU using amine as a chemical solvent is widely applied
in the chemical industry [4-6]. Methyldiethanolamine (MDEA) is the most used amine considering
its selectivity in absorbing HoS [7]. Despite its selectivity over H2S, it has a drawback in MDEA
reacting with the CO». To tackle that drawback, MDEA needs to be blended with an amine that
can assist the absorption of CO». Besides using a chemical solvent, the blending of MDEA with
sulfolane (SFL) shows promising capability in enhancing the absorption of H>S and energy saving.
Also, MDEA, SFL, and (piperazine) PZ have been discovered to have the same ability as the SFL.
blend but have advantages at the CO, absorption [8]. Based on all previously mentioned research,
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the major problem of solvent blending requires careful optimization of operational conditions to
achieve the best performance. Hence, the data-driven approach is growing in interest.

This paper will develop a more general model for determining solvent components as well as
composition on six different solvents blending such as MDEA + SFL + PZ, MDEA +PZ, MDEA+
SFL, MDEA + (diglycoamine) DGA, MDEA + (methylethanolamine) MEA, and MDEA +
Diisopropylamine (DIPA). At the same time, two different feed gas compositions are applied to
the model, providing a large amount of the dataset for the model. The model employed in this
paper is LightGBM for classifying the solvent component, and K means to determine the solvent
composition ranges. LightGBM will be tuned with the Optuna Hyperparameter optimization
framework to ensure high accuracy and rapid training on the model.

Methodology
In this paper, solvent components and composition of absorption-based AGRU were determined
by employing Optuna-LightGBM model integrated with K-means models. The main pipeline (see

Fig. 1).
Optuna
! ! > g Model Performance
LightGBM Validation on Different Case
Flowsheet ¢
Development X
Optimal Solvent Component ’
K means @
Data Generation l
Data ] Optimal Solvent Composition
Preprocessing
Figure 1 Research flowchart.
Flowsheet development

As mentioned beforehand, absorption-based AGRU using amine is extensively utilized in industry.
To recreate the actual operation of the AGRU process, flowsheets were developed in Aspen
HYSYS software as portrayed in Fig. 2, which has been validated in previous work [9] by using a
case study from real plant data, resulting in an acceptable average error of 2%. Therefore, the
developed flowsheet is suitable for generating data.

Data generation

Data can be retrieved from the validated flowsheet by simulating different values of a variable
using the Aspen Simulation workbook. Several variables that influence the AGRU process are
selected based on the previous literature. Large datasets can improve the model accuracy [10], and
better data generalization [11]. Table 1 shows the variables that are going to be generated in this
research based on the previous literature [9]. The parameters are defined using a specific
framework with the Case study tool embedded in Aspen HYSYS software, with each case study
generating 201 samples. To develop a generalized model, different datasets will be generated. It is
critical to test the generalization ability of the model on different datasets by observing its
performance error [15]. The dataset will be generated based on the feed gas composition that is
summarized in Table 2. Case 1 will be utilized as the base dataset for model development.
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Table 1 Generated parameters in simulation.
Variables Minimum | Base | Maximum | Reference
MDEA (wt%) | 35 50 45 [9]
MDEA +PZ
PZ (wt%) 0 5 10
MDEA (wt%) | 30.8 44 57.2
MDEA + SFL
S SFL (wt%) 1.05 1.5 1.95
MDEA (wt%) | 30.8 44 57.2
MDEA + DGA
G DGA (wt%) 1.05 1.5 1.95 [8]
MDEA (wt%) | 30.8 44 57.2
MDEA + SFL + PZ SFL (wt%) 0.525 0.75 | 0.975
PZ (wt%) 0.525 0.75 | 0.975
MDEA (wt%) | 8.4 12 15.6
MDEA + MEA 12
MEA (wt%) 19.6 28 36.4 [12]
MDEA (wt%) | 0 15 30
MDEA + DIPA 1
DIPA (wt%) 30 15 0 [13]
Temperature (°C) 38.50 55.00 | 71.50
Absorber Pressure (bar) | Feed 38.12 54.02 | 69.93
Lean 38.33 54.32 | 70.32 [14]
Top 37.3 52.85 | 68.41
Bottom 37.64 53.33 | 69.03

Data pre-processing
In this research, data pre-processing begins by defining the model’s input and output. Lean amine
temperature, absorber pressure, H>S and CO> composition on sweet gas are the inputs, while the
solvent component and its composition are the targeted outputs. The next stage is changing the
category for the solvent component into a numerical form. Furthermore, the data is moved to
standardization to prevent bias because of inevitable feature domination [17]. The subsequent step
involves data splitting into training and testing datasets. This research will apply 80% training data
and 20% test data since training data should significantly outweigh testing data, ideally by three
to four times [18]. The last step is balancing data using Synthetic minority oversampling technique
(SMOTE) [19]. The purpose of data balancing is to prevent model to lean toward the majority
class and performing poorly in the minority class
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Table 2 Sour gas composition.

Component Mole fraction
Case 1 [14] Case 2 [16]

H20 0.00234 0
i-Pentane 0.0052 0
n-Pentane 0.0056 0.0024
i-Butane 0.01243 0
n-Butane 0.0215 0.0018
CO, 0.03001 0.0535
H,S 0.00024 0.0005
Methane 0.72583 0.8086
n-Ethane 0.11717 0.0163
i-Ethane 0.07377 0
n-Propane 0.00234 0.0035
N2 0 0.1134

Model development

This research employed LightGBM to classify solvent components on AGRU. The key strength

of LightGBM is its capability to achieve high accuracy while operating on less memory, making

it compatible with regression and classification tasks [20]. Moreover, a leaf-wise strategy is

utilized in this algorithm resulting in fewer nodes and enhanced computational performance,

diverging from conventional methods [21]. Furthermore, Optuna hyperparameter tuning

framework will be applied on LightGBM by following the steps below,

1. Determining the optimization goal and selecting hyperparameter boundaries. Two target

function are defined, which are accuracy of more than 0.98 and a training time of less than 0.7
seconds. The chosen hyperparameters for LightGBM are summarized in Table 3.

Table 3 LightGBM Hyperparameter ranges.

Hyperparameter Range
learning rate 0.001-04
num_boost _round 3 to 100
max_depth 1-300
num_leaves 2-300
lambda 11 and lambda_12 1e'2-0.03

2. Perform the optimization. Optuna was configure for having 2,000 optimization trial.

3. Implementing the final model and analyzing its performance. The best-performing
hyperparameters from the trial data were extracted, and a LightGBM model was latter trained
using these optimal values.

Lastly, K-means is applied to determine the solvent composition. The output will be the optimal
concentration range of amine solvent. K-means is one of the unsupervised learning methods that
has been proven by its capability and extensive application in current research and industry [22].
K-means works by initialising k cluster centres through random selection, defining the difference
between each object and the initial clustering centre, and assigning it to the nearest clustering
centre [23].

Model performance metrics evaluation
The performance of the LightGBM model was evaluated using metrics such as accuracy and
training duration. Accuracy is calculated as follows,

(TP+TN)
(TP+TN+FP+FN)

(1)

Accuracy =
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where TP is true positive, TN is true negative, FP is false positive and FN is false negative
prediction of the model. To evaluate the performance of the K-means model, evaluation metrics
such as the Silhouette Score and Davies Bouldin Score were used to assess the performance of the
unsupervised algorithm. These performance metrics are calculated as follows,

b(i)—a(i)

Silhoutte Score = marla.6@] (2)

where b(1) is the smallest average distance between i and some other clusters and a(i) is the average
distance between 1 and all other points of its cluster,

Davies — Bouldin Score = ~Yk_, (max i S’) 3)
k izj dij

where k Is the number of the clusters, si is the average distance between each point of the cluster

i and its centroid (same for cluster j and sj), and dij Is the distance between the i’th and j’th cluster

centroid.

Results and Discussion

Analysis of generated data

The correlation heatmap of solvent composition with the operating parameters such as temperature
of the amine solvent, absorber pressure, and the composition of H>S and CO; in the product
gas\sweet gas are illustrated in Fig. 3. Generally, there is a significant correlation between the
solvent and the temperature and pressure. The correlation heatmap shows the distinctive trait of
each solvent blend on its capability to absorb HoS and COs. For instance, there is a negative
relationship between MDEA and all solvent blending with the H>S, indicating that MDEA with a
higher mass fraction tends to absorb H>S than CO;. This is why secondary amines such as PZ,
SFL, DGA, MEA, and DIPA are needed to assist in the absorption of CO; from sweet gas. It can
be observed that most of the secondary amines have a negative relationship with COz, such as PZ,
SFL, DGA, and MEA, except DIPA. Given the personal characteristics of each blend, the
classification of solvent components is necessary, followed by the determination of solvent
composition.

MDEA -0.40
PZ -0.50 -0.50 -0.11 0 06
MDEA, 0 -0.87 i
SFL 0.4 0.6 -0.35 -0.50
MDEA, 0.46 0.6 -0.85 0.2
SFL, 0.4 0 -0.64 0
PZ, 0.49 0 -0.67 -0.12 |
MDEA, 0 0.40 -0.46 -0.78 1-0.2
DGA 0 0 -0.64 -0.59
MDEA, 0.4 -0.58 -0.22 204
MEA 0 0.58 -0.79 -0.24 106
MDEA,_ -0.18
DIPA -0.50 -0.50 G -0.33 1{-0.8
Pressure Temperature CO2 H2S

Figure 3 Correlation matrix of solvent composition and operating parameters.

Model tuning and validation using different dataset

Before discussing the model validation first, LightGBM model hyperparameter tuning with the
Optuna was performed, resulting in a high accuracy of 0.98 and a training time of 0.17 seconds
after performing the iteration of 2000 combinations of hyperparameters. Hyperparameter tuning
was done on Scenario 1 as the base case before being validated in another case for generalization.
Hyperparameters are required to achieve high accuracy as long as a fast model. Table 4 shows the
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model's performance metrics applied to different scenarios. The machine learning models used in
this research are LightGBM and K-means with Accuracy and training time as the performance
metrics of LightGBM and Silhouette, and Davies Bouldin as the performance metrics of the means
as the unsupervised learning methods.

Table 4 Model validation on different case study.

Model Metric 1 2

. Accuracy 0.98 0.989

LightGBM

1ghtG Training time (s) | 0.17 0.193

mean Silhouette 0481616 0.598307
cans Davies-Bouldin 0.825007 0.599234

Overall, the generalization process was successfully conducted, as indicated by the minimum
difference between the performance metrics for each scenario. LightGBM accuracy shows a very
high score above 0.98 across all the scenarios, with case 2 being the highest one. The training time
is considerably rapid, with the maximum training time of 0.193 seconds, occurring in scenario 2.
The K-means performance metrics, show how the model can recognize the cluster of data.
Basically, the output of the K-means model will determine the range composition of the solvent.
It shows that the silhouette score doesn't have any difference between scenarios, with the difference
not until the 0.5 score. The Davies Bouldin score has the same pattern as the Silhoutte score. From
this discussion, it can be concluded that the generalization process for this model was successfully
conducted.

Conclusion

This research presents the technique to define the solvent component and composition for
absorption-based AGRU using six different solvent blends. In this paper, a general model of
component and composition AGRU has been developed. The proposed model has a consistent
accuracy of 0.98 across all scenarios, while the clustering performance shows adequate
performance with the range of 0.48-0.59. This model successfully determines the solvent
component and composition across six different solvent blends on two different feed gas
compositions with a total of 37,786 data points.
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Abstract. Neem (Azadirachta indica), a medicinal plant known for its antimicrobial and anti-
inflammatory has emerged as a promising therapeutic agent for wound dressing. However,
incorporating its bioactive compounds into stable and mechanically robust dressing matrices
remains challenging due to compatibility and structural integrity issues. This study explores the
fabrication and characterization of neem extract (NE)-loaded electrospun nanofibers composed of
polyvinylpyrrolidone (PVP) and 2-hydroxypropyl-beta-cyclodextrin (HPBCD), focusing on the
effect of polymer ratios on their physicochemical and mechanical properties. The presence of
hydrogen bonding and host—guest complex formation among NE, PVP, and HPBCD was
confirmed, indicating enhanced polymer compatibility and structural stability. Tensile testing
revealed that increasing PVP concentration enhanced tensile strength, elongation at break, and
Young’s modulus, indicating improved flexibility and durability of the nanofibers. The optimized
sample NE/PVP/HPBCD formulation (1:15:5) exhibited superior mechanical resilience and strong
molecular compatibility, making it suitable for advanced wound dressing applications. Optimizing
PVP concentrations enables tunable structural stability and mechanical properties, offering a
promising plant-based nanofiber for advanced wound dressings.

Introduction
The advancement of drug delivery systems over the past several decades has led to significant
improvements in therapeutic outcomes, particularly in the management of wounds. Nanofiber-
based delivery platforms, especially electrospun ones, have attracted growing interest due to their
high porosity, large surface area-to-volume ratio, and ability to mimic the extracellular matrix
(ECM) which collectively enhance wound healing [1]. Electrospinning is further recognized for
its simplicity and ability to encapsulate various therapeutic agents into polymeric matrices [2].
The use of natural plant-derived compounds in biomedical applications has gained increasing
attention due to their pharmacological potential and reduced likelihood of adverse effects.
Azadirachta indica (neem) has long been utilized in traditional medicine systems such as Ayurveda
and Unani for its therapeutic versatility [3]. Neem has been reported to exhibit antibacterial, anti-
inflammatory, antioxidant, and wound-healing properties relevant to wound management. Its
leaves contain diverse bioactive constituents, including azadirachtin, nimbin, nimbolide, quercetin,
and flavonoids, which contribute to its medicinal benefits [4].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

170



Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 170-176 https://doi.org/10.21741/9781644903957-22

However, a key obstacle in translating the bioactive agents such as neem extract into wound
dressing applications lies in their poor compatibility with polymer matrices and the reduced
structural integrity of the resulting fibers, which compromises their mechanical strength and
stability during application [5]. To address these issues, this study had incorporated neem extract
into polymer-based electrospun nanofiber systems to enhance the compatibility and fiber structural
integrity.

Among the polymers used, polyvinylpyrrolidone (PVP) is a synthetic, water-soluble polymer
known for its hydrophilicity, non-toxicity, and biocompatibility [6]. It also exhibits excellent film-
forming properties, chemical stability, and mechanical strength, which make it an ideal matrix for
electrospun nanofibers in wound dressing applications. Complementing PVP, hydroxypropyl-f-
cyclodextrin (HPBCD) is a cyclic oligosaccharide derivative widely applied to stabilize
hydrophobic bioactive compounds and enhance their solubility and compatibility by forming
inclusion complexes within its hydrophobic cavity [7].

The combination of PVP and HPBCD in neem extract-loaded nanofibers for the development
of plant-based wound dressing materials has not yet been explored. This study aims to fabricate
and characterize neem extract-loaded PVP/HPBCD nanofibers with varying PVP concentrations
using the electrospinning technique. The focus is to investigate how different PVP polymer ratios
affect the physicochemical properties of the nanofibers, such as chemical functionalities and
tensile strength. The goal is to develop a plant-based wound dressing that effectively integrates
traditional therapeutic agents with modern nanofiber nanotechnology to deliver robust,
mechanically stable, and compatible bioactive scaffolds for wound care.

Materials and Methods

Neem leaves were collected from local farmer at Johor, Malaysia and its identification was
authenticated by Forest Research Institute Malaysia (FRIM) (sample ID: PID 151124-08).
Polyvinylpyrrolidone (PVP, average Mw ~1,300,000) was purchased from Chemiz, Malaysia. 2-
Hydroxypropyl-B-cyclodextrin (HPBCD, average Mw ~1460) and phosphate buffer saline (PBS,
pH 7.4) were obtained from Sigma Aldrich, USA. Ultrapure water was prepared using a Direct-Q
3 UV Merck Millipore purification system. All reagents were of analytical grade and were used
without further purification.

Preparation of NE/PVP/HPBCD solution for electrospinning

40 mg of NE were weighed and dissolved in 2 mL of ultrapure water in a glass vial. Subsequently,
HPBCD was firstly added in 1:5 (NE: HPBCD ratio) as shown in Table 1 and stirred using a
magnetic stirrer on a hot plate until fully dissolved and then followed by adding PVP with varying
concentration. A control solution consisting only of PVP without NE and HPBCD was also
prepared. All prepared solutions were subsequently sonicated using a digital ultrasonic cleaner to
remove air bubbles and ensure homogeneity.

Table 1 Ratio composition of NE, PVP and HPSCD for each sample.

Sample NE PVP HPBCD
Control PVP - 10 -
1 1 10 5
2 1 15 5

Fabrication of NE/PVP/HPBCD nanofibers

The prepared NE/PVP/HPBCD solutions, along with the control formulations, were electrospun to
fabricate nanofiber mats using an electrospinning setup located at the Material Preparation Lab,
V01 UTM [8]. The system consisted of a high-voltage power supply (PS35-PCL, Nanolab
Instruments), a syringe pump (NE-300, New Era Pump Systems), and a flat plate collector

171



Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 170-176 https://doi.org/10.21741/9781644903957-22

measuring 15 cm x 15 cm x 7 cm. Each solution was transferred into a 5 mL syringe fitted with a
23G blunt-end metal needle and mounted onto the syringe pump. The collector surface was
covered with aluminium foil to provide a clean and detachable surface for fiber deposition. A
consistent set of electrospinning parameters was maintained for all samples, including an applied
voltage of 20 kV between the needle tip and the collector, a flow rate of 1 mL/h, and a fixed
distance of 12 cm between the needle tip and the collector. Electrospinning was carried out for 1
hour for each sample to allow sufficient nanofiber accumulation. Upon completion, the nanofiber
mats were carefully peeled off the aluminium foil and stored in sealed ziplock bags for further
analysis.

Chemical functionalities analysis

Fourier Transform Infrared (FTIR) spectroscopy was employed to investigate the chemical
structure and functional groups present in NE/PVP/HPBCD nanofiber samples according to the
method from Lin et al. [9] with some modifications. Small sections of each electrospun nanofiber
mat were cut into squares and placed in direct contact with the Attenuated Total Reflectance (ATR)
crystal of the FTIR spectrophotometer (Spectrum Two, PerkinElmer, USA). Spectral data were
collected in the mid-infrared range from 4000 to 400 cm™ using an average of 32 scans with a
resolution of 4 cm™ to ensure high precision. The resulting ATR-FTIR spectra were then imported
into OriginPro 2024 software (OriginLab Corporation, USA) for detailed analysis, allowing for
the identification and comparison of characteristic peaks corresponding to the neem extract and
the polymeric components (PVP and HPBCD) within the nanofiber matrix.

Tensile testing

Tensile testing was conducted to evaluate the mechanical properties of the electrospun
NE/PVP/HPBCD nanofiber mats based on the method from Caloian et al. [10] with some
modifications. To avoid damage, the nanofiber mats were carefully peeled from the aluminum foil
collector. The thickness of each mat was measured using a digital micrometer, while the average
width was determined by taking measurements at three different points across the sample. Each
sample was mounted between two square paper frames, with the top and bottom edges secured
using cellophane tape to prevent slippage during testing. The framed samples were then positioned
in a Shimadzu Universal Testing Machine (Model AGX-V), Japan, and the initial gauge length
was measured as the distance between the grips. A uniaxial tensile force was applied at a constant
crosshead speed of 2 mm/min until the sample fractured. Force-elongation data collected during
the test were converted into stress-strain curves, which were then used to determine the tensile
strength, elongation at break, and Young's modulus of the nanofiber mats.

Results and Discussion

Chemical functionalities analysis

The FTIR spectra of the control formulation (PVP only) and selected composite sample NE/15
PVP/HPBCD were analyzed in the spectral range of 400—4000 cm™ as presented in Table 2 and
illustrated in Fig. 1 to identify the presence and interaction of characteristic functional groups. The
FTIR spectrum of sample NE/15 PVP/HPBCD exhibited broader O—H stretching bands in the
range of 3384 cm™, suggesting stronger intermolecular hydrogen bonding interactions between
the hydroxyl groups of HPBCD and the hydrophilic segments of PVP. The peaks at 2923 cm™ (C—
H stretching), 1652 cm™ (C=0 stretching), 1422 cm™ (C-H bending), and 1291 ecm™ (C-N
stretching) were preserved, indicating that the polymer structure remained intact. A notable peak
at 1033 cm™* confirmed the presence of HPBCD through its ether linkages. The broader O—H bands
than control sample is reported similar spectral behaviour in PVP-based blends incorporating
bioactive compounds reflected improved polymer compatibility and hydrogen bonding with the
neem constituents [11].
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Figure 1 Chemical functionalities analysis of electrospun NE/PVP/HPBCD nanofibers: sample
NE/15 PVP/HPBCD with its control PVP.

Table 2 Spectroscopic data of the samples.
Control PVP Sample NE/15 PVP/HPBCD  Correlation

3404 cm™! 3384 cm™! O-H stretching
2956 cm’! 2923 cm’! C-H stretching
1653 cm’! 1652 cm’! C=O stretching
1421 cm’! 1422 cm’! C-H bending
1290 cm’! 1291 cm’! C-N stretching

- 1033 cm’! C-O-C stretching

Meanwhile, the control formulation composed solely of PVP displayed sharp peaks at 1421
cm™' (C—H bending), 1290 cm™ (C-N stretching), 1653 cm™ (C=0 stretching), 2956 cm™ (C-H
stretching), and a relatively narrow O—H region (3404 cm™ (stretching)), indicating the absence of
significant hydrogen bonding due to absence of NE and HPBCD. Similarly, FTIR evidence of
neem extract incorporation in electrospun alginate/chitosan/PEO fibers, confirming polymer with
extract molecular interactions while preserving the fibrous structure [12].

Tensile Testing
Tensile testing was conducted to evaluate the mechanical strength and flexibility of the electrospun
nanofiber mats (NE/10 PVP/HPBCD and NE/15 PVP/HPBCD). These properties are crucial for
wound dressing applications, where materials must maintain adequate tensile strength for
structural integrity during handling and application, while also possessing sufficient flexibility to
conform to the wound surface. The stress—strain profiles of both samples are presented in Fig. 2.
The tensile stress—strain curves were obtained by calculating the force per unit displacement for
each sample. As shown in Fig. 2, the curve for the sample NE/10 PVP/HPBCD displayed a steep
linear increase, indicating a proportional relationship between stress and strain. This region reflects
the elastic deformation phase, where the nanofiber can return to its original length upon stress
release [13]. In contrast, the curve for the sample NE/15 PVP/HPBCD showed extended strain and
higher tensile stress values, suggesting improved tensile strength and flexibility. Such behaviour
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indicates that the fibers can endure higher forces before fracture and elongate further, making them
more durable and stretchable under mechanical stress.

0.16
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__ 012
0.1
0.08
0.06
0.04
0.02

0
0 5 10 15 20 25

Strain(%)

Stress (Mpa

Sample NE/10 PVP/HPBCD Sample NE/15 PVP/HPBCD
Figure 2 Stress-strain graph of electrospun NE/PVP/HPBCD nanofibers with two varying PVP
concentrations (1:10:5 and 1:15:5).

Sample NE/10 PVP/HPBCD reached its maximum stress at a lower strain value and fractured
earlier, demonstrating poorer mechanical performance and reduced elasticity compared to the
sample NE/15 PVP/HPBCD. These findings indicate that increasing the PVP concentration from
ratio of 10 parts to 15 parts in the NE:PVP:HPBCD system enhances both tensile strength and
elongation at break. This improvement can be linked to the role of increment of PVP content in
promoting molecular entanglement within the nanofiber matrix, which strengthens the overall
structural network [14].

The mechanical parameters derived from the tensile tests are summarized in Table 3, including
the ultimate tensile strength and Young’s modulus. Young’s modulus, representing material
stiffness, was calculated as the ratio of stress (o) to strain (¢) in the linear elastic region of the
stress—strain curve [15].

Table 3 Mechanical properties of each nanofiber sample.

Sample NE/10 PVP/HPBCD NE/15 PVP/HPBCD
Ultimate tensile strength (MPa) 0.1052 0.1448
Young’s modulus (MPa) 0.0539 0.01142

Sample NE/15 PVP/HPBCD exhibited a higher ultimate tensile strength (0.1448 MPa vs. 0.1052
MPa) and a lower Young’s modulus (0.01142 MPa vs. 0.0539 MPa) compared to the sample
NE/10 PVP/HPBCD, indicating greater strength with increased compliance. This means less stress
is required to achieve the same strain in NE/15 PVP/HPBCD, while its higher ultimate tensile
strength supports handling durability. Both samples lie within the commercial monolayer range
(ultimate stress < 0.77 MPa; Young’s modulus < 1 MPa), with NE/15 offering the more favorable
balance for dimensional stability during handling and conformability on wound surfaces [16].

Conclusion

This study successfully demonstrated the fabrication of neem extract-loaded PVP/HPBCD
nanofibers using electrospinning and highlighted their potential as wound dressing materials. The
FTIR analysis confirmed the successful incorporation of neem extract and HPBCD into the PVP
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matrix through characteristic functional group interactions, particularly the broadening of the O-
H stretching band, which signified enhanced hydrogen bonding and improved polymer
compatibility. The preservation of key spectral peaks further indicated that the polymeric network
remained structurally intact, confirming the maintenance of structural integrity upon addition of
bioactives. Furthermore, tensile testing revealed that increasing the PVP concentration from 10 to
15 parts markedly enhanced both tensile strength and elongation at break, reflecting improved
flexibility and mechanical durability which are critical attributes for wound dressing applications.
The optimized sample NE/15 PVP/HPBCD nanofiber, confirmed by FTIR to possess strong
intermolecular compatibility and by tensile testing to exhibit superior mechanical resilience,
demonstrated enhanced structural stability and elasticity, making it a promising candidate for
advanced bioactive wound dressings with improved strength and durability. Future research should
focus on in vitro and in vivo biocompatibility studies to validate the safety and therapeutic efficacy
of these nanofibers, as well as antimicrobial evaluations against clinically relevant pathogens.
Long-term stability testing and clinical assessments of scalability are recommended to ensure
practicality for commercial applications, while the incorporation of additional natural bioactives
could further extend their applicability to a wider range of wounds.
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Abstract. Cadmium (Cd) contamination in water poses serious environmental risks due to its high
toxicity, making effective removal strategies essential. Among various methods, reactive
extraction has emerged as a promising and greener approach for Cd removal from wastewater. The
use of a single extractant has shown potential in Cd removal from wastewater. However, its
efficiency remains limited, highlighting the need for improved formulations. In this study, the
effects of extractant type, concentration, and synergistic combinations were investigated to
determine the most effective system for Cd extraction. The results revealed that the synergistic
pairing of phosphinothioic acid (Cyanex 302) as the base extractant, with tributyl phosphate (TBP)
as a synergist, using palm oil as diluent, achieved high efficiency. At the optimized conditions of
0.03 M Cyanex 302 and 0.001 M TBP, Cd extraction reached 99.47%. Stoichiometric analysis
conducted indicated that 0.5 mole of Cyanex 302 interacted with one mole of Cd during complex
formation, confirming the extraction mechanism. For Cd stripping, 0.15 M H>SO4 exhibited the
highest stripping efficiency, with 96.73% Cd successfully stripped from the organic phase.
Stoichiometric analysis revealed that 1.5 moles of H2SO4 are required to complex with one mole
of Cd, validating the stripping mechanism.

Introduction
Cadmium (Cd) is a hazardous heavy metal prevalent in the environment due to human activities
such as mining, industrial waste, and agriculture. In wastewater, Cd concentrations can reach levels
of several milligrams per liter, exceeding safe discharge limits. Despite its toxicity, Cd is valuable
in industries for batteries, pigments, coatings, and plastics. Recovering Cd from wastewater
reduces environmental and health risks and recycles this valuable resource, contributing to
sustainable industrial practices. Cd contamination in water poses significant health risks, such as
kidney damage, skeletal damage, and respiratory issues. It also adversely affects aquatic life,
leading to bioaccumulation in the food chain, impacting both ecosystems and human health [1].
Existing methods for reducing Cd contamination face challenges, including low efficacy, high
costs, and negative environmental effects. Conventional extraction methods like solvent
extraction, membrane filtering, adsorption, and precipitation have limitations, such as cost,
fouling, and secondary waste generation. Reactive extraction has been proposed for its simplicity,
efficiency, and selectivity. However, the system based on a single extractant typically lacks
efficiency and selectivity, leading to high chemical consumption and environmental concerns,

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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especially from petroleum-based diluents [2]. Common petroleum diluents, such as kerosene and
toluene, are unsustainable due to their toxicity, high volatility, and non-biodegradability. To
overcome these limitations, research has shifted towards green diluents, including vegetable oils,
ionic liquids, and deep eutectic solvents, which offer advantages such as low toxicity, renewability,
and biodegradability. Among these, vegetable oils have gained significant attention due to their
wide availability and low cost. These vegetable oils are proven to have good compatibility with
various extractants, showing promising results in metal removal [3]. Novel approaches using
synergistic extractants have also emerged as an effective strategy for metal removal. By combining
two extractants, synergism can significantly improve selectivity and reduce the chemical
consumption [4].

This study aims to develop a sustainable and cost-effective method for Cd removal from
aqueous phases using a synergistic reactive extraction process. By optimizing the key parameters
such as extractant combinations and stripping agents, the research seeks to enhance environmental
remediation strategies while safeguarding ecosystem balance and human health in Cd-
contaminated areas. To achieve these objectives, the study focuses on three core aspects: first, the
formulation of a synergistic extractant system for the selective removal of Cd through reactive
extraction, second, the evaluation of extraction and stripping efficiency under varying
concentrations of extractants and stripping agents, and third, the elucidation of the underlying
mechanisms involved in Cd extraction and stripping through slope of analysis method [2,5]. By
advancing both the efficiency of Cd removal, this research contributes to sustainable remediation
practices and supports environmentally responsible industrial applications.

Materials and Methods

The simulated feed phase was prepared by dissolving cadmium sulfate (CdSOs4, 99% purity,
Sigma-Alrich) in distilled water. The chemicals for the extraction step included di-(2-ethylhexyl)
phosphoric acid (D2EHPA, 97% purity, Sigma-Aldrich), phosphinothioic acid (Cyanex 302, 97%
purity, Sigma-Aldrich), triethanolamine (TEA, 99% purity, Merck), and tributyl phosphate (TBP,
99% purity, Acros Organics). Palm oil (100% purity, BURUH) purchased from a local
supermarket was used as the green diluent. For the stripping step, sulphuric acid (H2SO4), sodium
hydroxide (NaOH), and hydrochloric acid (HCI) were evaluated as agents for Cd stripping.

Reactive extraction

The reactive extraction of Cd was carried out by mixing equal volumes (10 mL each) of the
simulated feed phase (47.56 ppm Cd) and the organic phase (extractant dissolved in palm oil) in a
conical flask. The mixture was agitated in an incubator shaker at 320 rpm for 18 h to reach
equilibrium. Following extraction, the phase was transferred to a separating funnel and allowed to
settle for 30 min to ensure complete phase separation by gravity settling. The Cd concentration in
the aqueous phase was determined using atomic absorption spectroscopy (AAS). The extractant
that exhibited the highest Cd extraction efficiency was designated as the base extractant.

To develop the synergistic formulation, mixtures of the selected base extractant with potential
synergistic extractants were evaluated for Cd extraction. For each experiment, the organic phase
(10 mL) was prepared by diluting the base and synergistic extractants in palm oil. The extraction
procedure and Cd concentration analysis followed the methods described previously. The effect
of the synergistic extractant on the extraction efficiency and the synergistic coefficient (SC) was
then assessed, and the combination that demonstrated the highest extraction efficiency and SC was
selected for further investigation. The experimental data for reactive extraction experiments were
reported as triplicate with standard deviation rounded to three decimal places.

The stripping of Cd was carried out by mixing equal volumes (10 mL each) of the loaded
organic phase (containing Cd after extraction) and the stripping phase (H2SO4, NaOH, or HCI) in
a conical flask. The mixture was agitated in an incubator shaker at 320 rpm for 18 h to achieve
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equilibrium. Following stripping, the phase was transferred to a separating funnel and allowed to
settle for 30 min to ensure complete phase separation. Similar to extraction, the Cd concentration
in the stripping phase was determined using AAS. The experimental data for stripping experiments
were reported as triplicate with standard deviation rounded to three decimal places.

Data analysis
The extraction (E), distribution ratio (D), SC, and stripping (S) were determined using the
following equations.

E(%)zc";—ffx 100% (1)
Corganic
b= Caqieous (2)
— Dmix
SC= (Dextractant+ Dsynergist)
(3)
S (%) = Ztrieping 1009, &)

organic
Results and Discussion

Effect of single extractant

Four types of extractants (TEA, TBP, D2EHPA and Cyanex 302) were evaluated for Cd extraction
(Fig. 1). Among these, Cyanex 302 achieved the highest Cd extraction (97.31%) at 0.05 M. This
is mainly due to the presence of sulfur donor atoms in its thiophosphinic acid structure (P=S) [6].
According to the hard-soft-acid-base (HSAB) principle, a soft acid, such as Cd*", has a stronger
preference for soft donor atoms, such as sulfur, leading to stable Cd-S complexes in the organic
phase [6,7]. In contrast, D2ZEHPA contains only oxygen donor atoms (P=O, hard bases), which
interact less strongly with Cd**, resulting in a lower extraction efficiency (69.63%). TEA, a basic
extractant, demonstrated a comparatively high efficiency of 89.28%, although still lower than
Cyanex 302. This may be due to a relatively weaker interaction between Cd and the amine group
compared to the stronger interaction between Cd and the dithiophosphonic acid of Cyanex 302.
TBP, primarily functioned as a solvating extractant, exhibited the lowest efficiency (11.00%) due
to its limited complexation ability, arising from its hard base characteristic. It is generally more
effective for metals with different coordination chemistry. Other than that, TBP tends to form
complexes with the green diluent used, further limiting its extraction activity [5].

The percentage of Cd extracted from the feed phase was obtained using Eq. 1, where C; is the
concentration of Cd in the aqueous phase before extraction, and Cr is the concentration of Cd in
the aqueous phase after extraction. The distribution ratio of Cd ion, in which the ratio of Cd ion
concentration being transported to the organic phase from the aqueous feed phase is represented
in Eq. 2, where Corganic 1S the concentration of Cd ion in the organic phase and Cageous 18 the
concentration of Cd ion in the aqueous phase. Eq. 3 was used to determine the SC of extractants,
where Dnix is the distribution ratio of mixed extractants (base and synergist), Dextractant and Dsynergist
are the individual distribution ratios of the base and synergist extractant, respectively. The
percentage of Cd recovered from the loaded organic phase was obtained using Eq. 4, where Csuipping
is the Cd concentration in the stripping phase after the stripping process.
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Figure 1 Effect of several different types of extractants at 0.05 M towards Cd extraction
(Experimental conditions: [Cd]: 47.56 ppm; diluent: palm oil; aqueous. organic phase: 1:1;
agitation speed: 320 rpm; agitation time: 18 hours; temperature: 26 °C).

A similar trend was reported in a recent study where Cd ion adsorption was facilitated by donor
atoms capable of electron donation, as validated by spectroscopic analysis and HSAB principle.
The findings support that Cd ions preferentially interact with softer donor sites, consistent with the
observation that donor atom softness strongly influences extraction efficiency [7]. Since Cyanex
302 provided the highest extraction among the four extractants tested, it was selected as the base
extractant for further formulation studies.

Effect of mixed extractants

Mixtures of extractants with equal concentrations were investigated for their synergistic effect.
Among the tested systems, the combination of Cyanex 302 + TEA exhibited the highest extraction
efficiency for Cd (97.58%). Both extractants were individually effective, with Cyanex 302 acting
as a chelating agent and TEA serving as a basic extractant capable of forming ion pairs with Cd.
This observation was quite similar to the initial observation, where both provided high Cd
extraction. However, the high extraction observed in the mixture was attributed to their individual
activities rather than a true synergistic effect. This is supported by the fact that all combinations
yielded SC of less than one (Table 1), confirming antagonistic interactions despite the high
extraction efficiency. The combination of Cyanex 302 with D2EHPA achieved only moderate
efficiency, which was lower than the Cd extraction by D2EHPA alone. As evidenced by the SC,
this observation confirmed that the Cyanex 302-D2EHPA combination exhibited the lowest
synergistic effect among all extractant mixtures, confirming their low interaction contribution. The
mixture of Cyanex 302 and TBP showed the lowest extraction efficiency (52.99%). Since TBP
functioned primarily as a solvating extractant, its ability to form stable complexes with Cd was
limited. Its interaction with Cyanex 302 was also weak due to a low SC value, resulting in poor
extraction efficiency.

Table 1 Effect of mixed extractants at 0.025 M towards Cd extraction (Experimental conditions:
[Cd]: 47.56 ppm; diluent: palm oil; aqueous: organic phase: 1:1; agitation speed: 320 rpm,
agitation time: 18 hours, temperature: 26°C).

Base extractant Synergist Extractant Extraction (%) SC
Cyanex 302 TBP 52.99 +0.016 0.028
TEA 97.58 +£0.005 0.556
D2EHPA 65.30 + 0.032 0.016

180



Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 177-184 https://doi.org/10.21741/9781644903957-23

Effect of TEA and Cyanex 302 with Synergist TBP. To enhance the Cd extraction efficiency,
TBP was introduced as a modifier in mixtures with TEA and Cyanex 302 as base extractants. The
study examined the combined effect of TBP with each base extractant at concentrations of 0.02 M
and 0.03 M. The inclusion of TBP was intended to improve the solubility of the extractant
mixtures, thereby enhancing Cd removal efficiency (Table 2). At very low concentrations, TBP
typically acts as a phase modifier without interfering antagonistically with the base extractant in
extracting the target solute [5].

In the TEA-TBP system, the extraction efficiency was lower than that of Cyanex 302-TBP, and
varying TEA concentration from 0.02 M to 0.03 M slightly reduced the extraction efficiency and
SC. The results of the TEA-TBP system for Cd extraction indicated that this system is moderately
effective and is less suitable compared to the Cyanex 302-TBP system under the tested conditions
(Table 2). The TEA-TBP system showed that TBP concentration significantly affects Cd
extraction. At 0.02 M TEA and 0.001 M TBP, the extraction efficiency was 76.81%, but it dropped
to 70.20% when TBP concentration increased to 0.002 M. At 0.03 M TEA, efficiencies were
73.57% and 73.74% for 0.001 M and 0.002 M TBP, respectively. These results suggest that the
optimal condition was 0.02 M TEA with 0.001 M TBP. The high SC (Table 2) indicated that the
interaction between TEA and TBP plays a key role in Cd extraction. In contrast, the Cyanex 302-
TBP system achieved higher Cd extraction efficiency compared to the TEA-TBP system, although
its SC values were lower. This system showed that TBP concentration did not significantly affect
Cd extraction. At 0.02 M Cyanex 302 and 0.001 M TBP, the efficiency was 95.04%, increasing
slightly to 95.31% at 0.002 M TBP. At 0.03 M Cyanex 302, the efficiency reached 99.47% and
99.02% for 0.001 M and 0.002 M TBP, respectively, indicating nearly complete Cd extraction
(Table 2).

Table 2 Effect of mixed extractant concentration on Cd extraction (Experimental conditions:
[Cd]: 47.56 ppm; mixture extractant: TEA + TBP and Cyanex 302 + TBP; diluent: palm oil;
aqueous: organic phase: 1:1; agitation speed: 320 rpm, agitation time: 18 hours, temperature:

26°C).

Base Extractant (M) TBP (M SC Extraction (%

TEA
0.02 0.001 2.876 76.81 £0.014
0.002 2.261 70.20 + 0.022
0.03 0.001 1.422 73.57 £ 0.045
0.002 1.520 73.74 + 0.022

Cyanex 302

0.02 0.001 0.661 95.04 £ 0.013
0.002 0.703 95.31 £ 0.001
0.03 0.001 1.221 99.47 + 0.001
0.002 0.652 99.02 + 0.001

Based on this study, TBP successfully enhanced the efficiency of both systems, with the Cyanex
302-TBP mixture consistently outperformed the TEA-TBP mixture. This observation aligned with
the initial single-extractant experiment (Fig. 1), where Cyanex 302 demonstrated a higher Cd
extraction efficiency than TEA. Although TBP addition relatively increased the potential of TEA,
its overall extraction efficiency remained lower than that of Cyanex 302, likely due to the presence
of sulfur donor atoms in Cyanex 302 as discussed previously.

The highest extraction efficiency was achieved at 0.03 M Cyanex 302 with 0.001 M TBP,
yielding almost complete Cd extraction. Notably, TBP significantly enhanced the Cyanex 302
extraction efficiency at this specific concentration, producing a true synergistic effect (SC>1). At
other concentrations, the high extraction efficiencies were primarily attributed to the inherent
activity of Cyanex 302, rather than the synergistic interaction with TBP (SC<1). These results
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highlight that the Cyanex 302-TBP system can exhibit true synergistic behaviour under specific
concentrations. Therefore, this study provides valuable insight into optimizing extractant
formulations for more efficient Cd extraction from aqueous phases, which could be applied to the
design of more selective and cost-effective remediation strategies [21].

Effect of Different Stripping Agents. Cd was first extracted from the aqueous phase using 0.03
M Cyanex 302 with 0.001 M TBP before assessing the stripping efficiency of the selected agents.
The results showed significant variation (Table 3). Among them, 0.1 M H>SO4 achieved the
highest Cd stripping (92.84%), indicating its strong ability to dissociate the Cd-Cyanex 302
complex and promote Cd stripping into the aqueous phase. 0.1 M HCI showed moderate efficiency
(62.75%), while 0.1 M NaOH was significantly ineffective (8.61%), suggesting that alkaline
conditions are not favorable for breaking the Cd-Cyanex 302 interaction. These results are
consistent with the reports that acidic agents are generally more effective for metal recovery due
to their ability to create a low-pH environment that facilitates ion dissociation. For instance, a
study demonstrated selective stripping of zinc using H>SO4. However, the effectiveness of a
particular acid depends on the type of metal ion, as different metal ions might exhibit varying
affinities towards specific acids [9]. Effect of Stripping Agent Concentration. To enhance the
stripping efficiency of Cd ions, a series of HoSO4 concentrations was further tested (Table 4).

The 0.1 M H2SOq4 served as the baseline, where the concentrations tested range from 0.01 M to
0.2 M. This study found Cd stripping with 0.01 M and 0.05 M H>SO4 was lower (78.54% to
91.61%) than the baseline at 0.1 M (92.84%), indicating that limited protonation of the extractant
and destabilization of the Cd-Cyanex 302 complex. As the acid concentration increased to 0.15 M,
the Cd stripping peaked (96.73%), consistent with a stronger driving force for complex
dissociation. At this concentration, the higher proton availability effectively displaced Cd** from
the Cyanex 302 complex and facilitated its transfer into the aqueous phase. However, further
increasing the H2SO4 concentration to 0.2 M resulted in a decline in stripping efficiency (85.98%).
This can be attributed to the elevated ionic strength of the aqueous phase, which hinder the mass
transfer across the interface.

Table 3 Effect of different stripping agents on Cd recovery at 0.1 M concentration.
(Experimental conditions: [Cd]: 47.56 ppm, aqueous. organic ratio = 1:1; agitation speed: 320
rpm, agitation time: 18 hours; temperature: 26°C).

Stripping Agent Stripping (%)
NaOH 8.61 +0.026
H>SO4 92.84 £ 0.085

HCI 62.75 £ 0.081

Table 4 Effect of different concentrations of H:SO4 on Cd recovery. (Experimental conditions:
[Cd]: 47.56 ppm, aqueous: organic ratio = 1:1; agitation speed: 320 rpm, agitation time: 18
hours; temperature: 26°C).

H>SO4 (M) Stripping (%)
0.01 78.54 £0.135
0.05 91.61 £0.195
0.10 92.84 £ 0.085
0.15 96.73 = 0.085
0.20 85.98 £0.156

Mechanistic study of extraction and stripping
A stoichiometry analysis was carried out to elucidate the reaction between the extractants present
in the organic phase and Cd in the aqueous phase. This stoichiometry analysis is used to determine
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the number of moles of Cyanex 302 required for Cd extraction. TBP was not included in the
equation as it was involved in the reaction as the phase modifier rather than a reactant. Based on
Eq. 5, the extraction of Cd occurs through the formation of 1 mol of Cd ion and n mol of Cyanex
302, resulting in a single complex.

m + N
M™ (o + = (HR)2 (org) = MRin(HR)n (org) + mH " ag) (5)

Here, (HR) denotes the Cyanex 302 molecule, and n represents the stoichiometric coefficient
indicating the number of extractant molecules involved in the complexation with one Cd ion. To
determine the stoichiometric coefficient n, a plot of log D versus log [Cyanex302] was constructed.
From the regression equation in Fig. 2a (y = 0.482x + 2.5431, R?=0.9115), the slope was found to
be 0.48 (n=0.5). This result indicates an apparent half-order dependence on Cyanex 302
concentration, suggesting that only a fraction of the extractant molecules participate in the
complexation process (Eq. 6). Accordingly, the extraction can be described by the foolowing
general reaction.

Cd? (ag)+ 2HR (org) = CARA(HR)112 fore) + 2H g (6)

To determine the stoichiometric coefficient n of the stripping equation, a plot of log D versus
log [H2SO4] was constructed. From the regression equation in Fig. 2b (y = 1.3398x + 2.6832,
R?=0.932), the slope was found to be 1.34, which is in good agreement with the value of n=1.5.
This result indicates a fractional order dependence on [H2SO4], suggesting that 1.5 molecules of
H,SO4 were involved in stripping one Cd** ion from the organic phase (Eq. 7). In this stripping
process, the three protons (3H") released from 1.5 mol H2SO4 displace the Cd** ion bound to the
Cyanex 302 in the organic phase. The overall stripping reaction can therefore be represented as:

5
CdRy(HR)172 (org) + 3H ag) = Cd* (ag) + Z(HR)orp) + H' (ag) (7)
0.5 1.0 1.5
0.0 0.0
a) o5 P
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Figure 2 Stoichiometric plot, (a) Cd extraction using Cyanex 302-TBP and (b) Cd stripping
using H>S0.

Conclusion

In conclusion, this study demonstrated the significant impact of introducing TBP as a modifier in
synergistic extractant mixtures for Cd extraction. The combination of Cyanex 302 and TBP at
concentrations of 0.03 M and 0.001 M, respectively, successfully demonstrates synergistic effects
in Cd extraction from aqueous phase. The highest extraction efficiency of 99.47% highlighted the
strong interaction between Cyanex 302 and TBP, with the mixture showing higher stability and
selectivity in the organic phase, resulting in near-complete Cd removal. The stripping process
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achieved 96.73% stripping efficiency using 0.15 M H2SOys as the stripping agent. These findings
provide valuable insights into optimizing extractant mixtures for improved heavy metal extraction,
contributing to sustainable industrial practices and effective environmental remediation.
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Abstract. Silver nanoparticles (AgNPs) are essential in biomedical and water treatment
applications due to their superior localized surface plasmon resonance (LSPR) property. This study
adopted C. vulgaris as a bio-reducing agent for eco-friendly AgNP synthesis from silver nitrate
(AgNO:s) via photo-induced reduction. The reaction rate was found to be highly dependent on the
illumination source. To optimize the process, the volumetric ratio of C. vulgaris-to-precursor
solution was varied alongside the illumination wavelengths from different LED colors (white,
blue, red, and green). The optimal C. vulgaris-to-precursor ratio was 1:5, achieving a LSPR
increment of 0.407 a.u. within 35 min. Blue light accelerated the reaction, reducing the time to 30
min and yielding a higher LSPR increment of 0.445 a.u.. Particle size analysis further confirmed
the enhanced synthesis under blue light, with a narrower particle size distribution peak in the 39 -
47 nm range. FESEM revealed larger particle sizes due to aggregation in drying. However, upon
re-suspension of the dried AgNPs, smaller particles were recovered with HRTEM showing
individual AgNPs as small as ~16 nm. The results highlight the positive role of C. vulgaris in
mediating competitive nanosized silver production through a greener, more sustainable approach.

Introduction

Since as early as 1954, silver nanoparticles (AgNPs) have been recognized for their antimicrobial
potential, although silver itself has been utilized for various purposes for centuries [1]. Progress
across multiple scientific and industrial disciplines has broadened their use to diverse fields,
including biomedicine [2], water and air purification [3], cosmetic formulations [4], and food
packaging technologies [5]. When silver is engineered at the nanoscale ranging from 1 to 100
nanometers, its properties outstand with enhanced surface-area-to-volume ratio. This size
reduction amplifies its localized surface plasmon resonance (LSPR) as well, underpin its
remarkable optical performance [6].

To date, the existing synthesis methods of AgNPs can be classified as top-down and bottom-up
approaches. Top-down method refers to the mechanical grinding of bulk metal to produce nano-
structured atomic silver. In contrast, bottom-up approach adopts chemical reduction among the
particles of precursor [7,8]. A widely employed early chemical method for producing AgNPs is

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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citrate reduction documented by M. C. Lea in 1889 [9]. In the era of sustainability, researchers
have intensively explored the integration of environmentally friendly feedstock to achieve a
holistic and environmentally friendly biological synthesis of AgNPs. The biological synthesis of
metal nanoparticles is being carried out by a vast range of macro-microscopic organisms in nature,
including plants [10], viruses [11], bacteria [12] and algae [13]. This is achieved by harnessing the
biomolecules or metabolites of these organisms, which may include proteins [14], lipids [15] and
carbohydrates [16].

Among the various biological sources of reducing agents for AgNPs fabrication, algae-
mediated green synthesis stands out due to the organism’s strong potential as an industrial
feedstock. Algae exhibit exceptionally fast growth rates and require far less fertile soil, freshwater,
and pesticide input compared to most terrestrial plants [17]. Consequently, large-scale algae
cultivation exerts minimal pressure on vital human resources and does not compete significantly
with the food supply [18]. In addition, algae, particularly Chlorella species, are non-pathogenic
[19], making them a safe and promising option for environmentally friendly AgNP synthesis.

Recent studies have demonstrated that both intracellular and extracellular metabolites of
microalgae possess remarkable reducing abilities to produce AgNPs with excellent stability and
LSPR bands [20]. The reduction rate of silver ions is often enhanced through the incorporation of
electromagnetic radiation [21]. Compared to other sources of electromagnetic radiation, visible
light is more abundant in the solar spectrum that reaches the Earth's surface. Visible light refers to
the portion of the electromagnetic spectrum that stimulates the human visual system. The specific
range of wavelengths can vary, depending on the amount of radiant energy that reaches the retina.
Typically, the lower limit of visible light is around 360—400 nm, while the upper limit is around
760—830 nm [22].

In this study, the green synthesis of AgNPs involves visible light induction. The mechanism of
photo-induced or light-assisted biosynthesis of AgNPs begins with exposing the mixture of
precursor and extract to light, which excites the biomolecules in the microalgae extract. When
biomolecules are exposed to radiation, light energy is absorbed, exciting biomolecules to a higher
energy state. This promotes the donation of electrons from reactive biomolecules to silver ions
[23]. Therefore, this study aims to optimize the photo-induced synthesis of AgNPs by manipulating
the volumetric ratio of C. vulgaris-to-precursor, as well as varying the illumination wavelengths
sourced from different colours of light-emitting diodes (white, blue, red, and green).

Material and Methods

Cultivation of microalgae

The C. vulgaris green microalgae strain donated by Prof. Lee Keat Teong, School of Chemical
Engineering, USM, was used in this study. The C. vulgaris strain was conserved in Bold’s Basal
Medium (BBM) culture medium at pH 6.8. The nutrient source for the growth of microalgae was
TANI brand granulate chicken compost. To prepare a nutrient medium, 5 g of chicken compost
was immersed in 300 mL of tap water and stirred for 24 h using a magnetic stirrer at 600 rpm. The
compost solution was then filtered using filter paper (Whatman Filter Paper, Grade 1) to remove
non-soluble particulates. The filtrate served as the nutrient source of cultivation and could be stored
up to 3 days at ~ 4 °C. A 1 L Erlenmeyer flask was filled with 80 mL of the filtered compost
solution with 840 mL of tap water as the culture medium. Subsequently, 80 mL of microalgae
suspension with an initial cell concentration of 0.3 x 10° cells was prepared from the seed culture
and introduced into the photobioreactor. The pH of the medium was then adjusted to 3 - 3.5.
Subsequently, the photobioreactor was continuously aerated with air at 4.0 L/min [24]. The
microalgae culture was illuminated under the optimized intensity of 250 pmol/m?.s (light-emitting
diodes, cool-day light, 6500 K), for 14 days.
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Synthesis of silver nanoparticle via photo-induction

On day 14 of cultivation, the living culture of C. vulgaris and 1mM silver nitrate (AgNO3) were
mixed in 5 different volumetric ratios: 1:1, 1:2, 1:5, 1:10, and 1:50 (v/v), to determine the optimal
ratio of C. vulgaris-to-precursor. The reaction mixture was illuminated with white LED light to
initiate the reduction process. After determining the optimal ratio from the spectrophotometric
results, the illumination wavelength was varied among white (400 - 700 nm), blue (450 - 490 nm),
green (490 - 570 nm), and red (630 - 750 nm) to study the effects of photoinduction wavelength
on the green synthesis of AgNPs. Absorbance data of the reaction suspension were collected every
5 min using a UV-Vis spectrophotometer (UV-2600, Shimadzu).

Characterization

AgNPs were recovered from the suspension by washing three times using a centrifuge (HERMLE
Z 206A) at 5000 rpm with distilled water. Subsequently, sonicator (Quasar 405) was used to
redisperse the washed AgNPs in distilled water at 70 kHz for 15 min, employing a cold-water bath
to prevent overheating of the sonicator. The dispersion was then analyzed for particle size using a
Malvern Zetasizer Nano-ZSP. After the analysis, the samples were oven-dried at 40 °C for 24 h
for future analysis. The dried AgNPs were stored in the dark to protect them from light.

The morphological characteristics of the synthesized AgNPs were examined using Field
Emission Scanning Electron Microscopy (FE-SEM, TESCAN CLARA). Images were captured at
magnifications of 50 - 100 kx with an accelerating voltage of 5 keV, low voltage was selected to
minimize charging effects while preserving surface details.

The dried AgNPs were re-suspended in hexane solvent for analysis. The structural and
morphological analysis of the AgNPs was conducted using High Resolution Transmission
Electron Microscopy (HRTEM, Hitachi HT8730). A drop of the AgNP suspension was carefully
placed on a carbon-coated copper grid and left to air-dry for 30 min. The sample was then
examined under HRTEM at an accelerating voltage of 110 kV. The images were captured to
determine the nanoparticle shape and size.

Results and Discussion

Spectrophotometry results reflect both the intensity of the absorbance peak and the size of
nanoparticles. The intensity of the absorbance peak defines the performance of the LSPR effect of
the assayed nanoparticles, while the wavelength of the absorbance peak qualitatively indicates the
size of the produced nanoparticles (larger or smaller). Fig. 1(a) illustrates the effect of the C.
vulgaris-to-precursor volumetric ratio on the reaction time, as well as the increment in absorbance
intensity (Abs,time=t - Abs,time=0). Spectrophotometry results were recorded at 5-min intervals up to
60 min of incubation time.

For the experimental sets with 1:1 (v/v) and 1:2 (v/v) ratios, no optimum incubation time was
observed within the first 60 min. Absorbance values continued to increase without showing a bell
shape, which would indicate an optimum value. However, when the volume of C. vulgaris was
further decreased while keeping the precursor volume constant, the results showed a promising
bell curve, as seen in the 1:5, 1:10 and 1:50 (v/v) ratios in Fig. 1(a). The optimum reaction times
were 35 min with an absorbance increment of 0.407 a.u. at Amax, 30 min with an increment of 0.307
a.u. at Amax, and 30 min with an increment of 0.161 a.u. at Amax, for 1:5, 1:10 and 1:50 (v/v) ratios,
respectively. It can be observed that further reducing the C. vulgaris volume accelerated the
reaction by 5 min, but the absorbance increment decreased significantly.

Fig. 1(b) further ascertains that the optimal reactants ratio was 1:5 (v/v). The maximum
absorbance increased as the ratio changed from 1:1 to 1:5 (v/v), but decreased beyond this point,
with a drastic reduction in absorbance observed at 1:50 (v/v). Furthermore, Fig. 1(b) shows the
changes in Amax With different volumetric ratios. Amax is defined as the wavelength at which the
maximum LSPR value is observed. A shift to longer wavelengths was seen with an increasing
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precursor volume, showing a linear trend across ratios from 1:1 to 1:50 (v/v). This red shift
phenomenon indicates that the increasing AgNO3 volume in the reactant mixture has shifted the
Amax value from 415.5 to 527.75 nm, as illustrated by Fig. 1(b), with ratios ranging from 1:1 to
1:50 (v/v). As reported by [10,12,20], a longer wavelength of the absorbance peak indicates larger
nanoparticle size, providing a qualitative explanation for the red shift in Amax observed.
Additionally, it is noteworthy that the Amax values for 1:10 (v/v) (506.45 nm) and 1:50 (v/v) (527.75
nm) fall outside the typical range of AgNPs LSPR Amax values (380 - 500 nm) reported in the
literature [25]. Therefore, based on the absorbance increment value, the optimal ratio was 1:5 (v/v),
with a reaction time of 35 min. The spectrophotometry results suggest that the reaction should be
terminated at 35 min. Prolonged exposure beyond the optimal reaction time would degrade the
LSPR properties and performance of the AgNPs produced, as indicated by decreasing absorbance
values.
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Figure 1 (a) Absorbance increment of AgNPs in reaction suspension against reaction time, (b)
maximum absorbance increment of AgNPs and maximum wavelength (Ama) of AgNPs at 1:1,
1:2,1:5, 1:10 and 1:50 (v/v) of C. vulgaris-to-AgNO:s.

Effects of illumination wavelength in photo-induced green synthesis of AgNPs

Visible light consists of different wavelengths, which are perceived as different colours [26]. Based
on Fig. 2(a), the effectiveness of enhancing the reaction with different colours of light follows the
order: Blue > White > Green > Red light-emitting diodes. The wavelength ranges for blue, green,
and red light are approximately 450 - 490 nm, 490 - 570 nm, and 630 - 750 nm, respectively. This
trend aligns with the fact that electromagnetic radiation energy is inversely proportional to
wavelength [27]. As a result, less energy is absorbed by the biomolecules in microalgae at longer
wavelengths, leading to slower reaction rates in the experimental sets illuminated with lower-
energy wavelengths of visible light.

Red light possesses the lowest energy profile, provides insufficient energy to be absorbed by
the biomolecules in microalgae, thereby preventing electron excitation. The negative absorbance
increment observed suggests that no significant reaction occurred under red light illumination,
indicating that red light failed to induce the reduction of silver ions. When comparing white light
to blue light, blue-light-induced AgNPs synthesis demonstrated a shorter reaction time of 30 min
and a higher absorbance increment (0.445 a.u.) compared to white-light-induced AgNPs (0.407
a.u.). White light, which is a mixture of various colours, has a broad spectral range from 500 to
780 nm, with a narrower and more intense peak in the blue wavelength range of 450 to 490 nm
[28]. This explains why white light induces a faster reaction and higher absorbance increment than
green and red light, but lower than blue light. However, AgNPs induced by blue light degraded
more rapidly beyond the optimal incubation time compared to those mediated by white light.
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The superiority of blue light in enhancing the reaction is further supported by the particle size
distribution results shown in Fig. 2(b). The number percent distribution illustrates the size
distribution of particles in AgNP samples induced by blue and white light. A higher percentage of
smaller particles was observed in the blue-light-mediated AgNPs, as evidenced by the narrower
and more intense peak in the 39 - 47 nm range. In contrast, the white-light-assisted AgNPs
displayed a broader and less intense particle size distribution, ranging from 41 - 53 nm. Both the
spectrophotometry and particle size analysis results ascertain that blue light was the most effective
wavelength in the synthesis process, while green and red light had significantly less influence.
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Figure 2 (a) Absorbance increment of AgNPs in reaction suspension against reaction time at
different colours of light-emitting diodes, (b) number percent distribution of AgNPs incubated
under blue and white light-emitting diodes analyzed using Malvern Zetasizer Nano-ZSP.

Morphological characteristics

The FESEM analysis revealed a mixture of AgNPs with sizes ranging from 55.95 to 68.34 nm, as
shown in Fig. 3(a). Larger AgNPs exceeding 100 nm were also observed, which can be attributed
to aggregation during the drying process. These larger particles likely resulted from particle
coalescence prompted by thermal energy. However, the particle sizes observed in FESEM were
larger compared to the PSA results, primarily due to differences in sample preparation and the
state of the sample. While PSA examines a colloidal sample before drying, FESEM characterizes
the sample in its dried state. As a result, the larger particle sizes in FESEM are expected, as thermal
drying can induce agglomeration.

HRTEM was used to examine the sample of dried AgNPs re-suspended in solvent. The HRTEM
analysis as represented by Fig. 3(b) revealed a range of 16 - 38 nm quasi-spherical AgNPs, which
is smaller than the results obtained from PSA. This demonstrates the higher sensitivity and
resolution of HRTEM. Discrepancies between PSA and HRTEM measurements are expected, as
PSA measured nanoparticles numerically, whereas HRTEM measured nanoparticles through
direct imaging. Additionally, HRTEM analysis of the re-suspended AgNPs revealed even smaller
particles, with sizes approaching ~16 nm. This confirms the recoverability of smaller nanoparticle
sizes in thermally dried AgNPs through resuspension, as the size observed is smaller than that
measured in the FESEM analysis of the dried sample. The AgNPs exhibited roughly spherical
shapes, likely influenced by their crystalline planes. The repeating pattern of fringes observed in
the image represents the crystal lattice structure of the particles. The presence of a denser zone
indicates thicker particles, reflecting Ostwald ripening, where larger nanoparticles grow at the
expense of smaller ones through dissolution—reprecipitation [29].
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Figure 3 (a) FESEM image of AgNPs synthesized under the illumination of blue light with 100.0

kx magnification, (b) HRTEM image of re-suspended AgNPs colloidal with 200k magnification,
with particles sizes in the range of 16 — 38nm.

Conclusion

The optimal C. vulgaris-to-precursor ratio for the synthesis of AgNPs was determined to be 1:5
(v/v), with a reaction time of 35 min and an absorbance increment of 0.407 a.u. A red shift in Amax
was observed as the volume of C. vulgaris decreased. The effectiveness of different light
wavelengths in enhancing the reaction followed the order: Blue > White > Green > Red. Blue light
proved to be the most efficient, reducing the optimal incubation time to 30 min and achieving a
higher absorbance increment of 0.445 a.u. Furthermore, PSA confirmed the superior performance
of blue light, with a narrower and more intense particle size distribution in the 39 - 47 nm range.
These findings highlight the positive impact in the integration of blue light to induce the green
synthesis of AgNPs with C. vulgaris. FESEM analysis showed that thermal heating led to
aggregation of AgNPs, resulting in an increased particle size range. However, upon re-suspending
the dried AgNPs in hexane solvent, smaller particles of silver were recovered. HRTEM analysis
further confirmed this by showing smaller particle sizes than those observed by FESEM, with its
higher magnification capability detecting quasi-spherical AgNPs in the size range of 16 - 38 nm.
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Abstract. Palm oil sterilization condensate (POSteC), a milling by-product, is rich in bioactive
compounds with therapeutic potential. This study valorized its solid fraction (POSC) using
supercritical fluid extraction (SFE) with CO2>—ethanol across 40—-80°C and 10-30 MPa. Extraction
yield, B-carotene, a-tocopherol, total phenolic content (TPC), total flavonoid content (TFC), and
antioxidant activity (AA) were assessed, alongside LC-MS/MS profiling of anti-inflammatory
constituents. TPC increased with harsher conditions, peaking at 52.214 mg/g GAE DW (80°C, 30
MPa), whereas TFC was highest under mild conditions (155.384 mg/g QE DW at 40°C, 10 MPa)
due to thermal sensitivity. AA remained consistently high (>95%), indicating preserved radical-
scavenging potential. Key bioactives, including pseudobrucine, fawcettiine, and eclalbasaponin V,
were linked to NF-kB and COX pathway modulation. Overall, mid SFE conditions (60°C, 20 MPa)
provided the most balanced phytochemical profile. These findings demonstrate SFE as a green
strategy to convert POSC into antioxidant and anti-inflammatory-rich extracts for nutraceutical,
cosmetic, and pharmaceutical applications.

Introduction

The palm oil industry is a major contributor to global vegetable oil production, with Malaysia
accounting for approximately 25% of the global supply [1]. Although annual yields of palm oil,
particularly crude palm oil (CPO), are substantial; however, precise global production figures are
best obtained from industry reports. Alongside this output, significant environmental challenges
arise, most notably from palm oil mill effluent (POME). Generated during the milling process,
POME is characterized by high biochemical oxygen demand (BOD), chemical oxygen demand
(COD), and suspended solids, which can severely impact wastewater management systems and
surrounding ecosystems if left untreated [2].

On average, processing one tonne of fresh fruit bunches (FFB) produces approximately 0.67
tonnes of POME nearly three times the volume of CPO extracted [3]. Additionally, palm oil
sterilization condensate (POSteC), generated during sterilization, contributes a further 0.2 to 0.3
tonnes per tonne of FFB, making Malaysia annual POME yield particularly significant [2].
Therefore, given that POME is classified as a high-strength but biodegradable wastewater,
effective treatment and valorization strategies are essential to minimize its environmental footprint

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

193


mailto:cnurizzati.md@utm.my

Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 193-200 https://doi.org/10.21741/9781644903957-25

[1]. Conventional management typically involves anaerobic digestion systems that facilitate
methane recovery. However, alternative strategies include nutrient recycling through conversion
into fertilizers, animal feed, or other biodegradable products. More recently, research has
highlighted the valorization potential of POME fractions, particularly POSteC, which is rich in
bioactive compounds such as polyphenols and flavonoids. These compounds exhibit strong
antioxidant and anti-inflammatory properties and have been increasingly studied [4].

Supercritical fluid extraction (SFE) has emerged as a sustainable alternative to conventional
solvent-based extraction methods. It offers several advantages, including high selectivity, low
toxicity, and mild processing conditions that help preserve sensitive bioactive. SFE has proven
effective in extracting antioxidant compounds such as tocopherols, tocotrienols, carotenoids,
phenolic acids, and flavonoids, which act as radical scavengers, lipid peroxidation inhibitors, and
anti-inflammatory agents through mechanisms like NF-kB suppression, COX-2 inhibition, and
cytokine regulation [2,3]. The extraction conditions during SFE are crucial for optimizing
solubility and yield. Compound solubility, which strongly influences extraction efficiency,
depends on the pressure and temperature of SFE. Increasing pressure raises CO: density, thereby
enhancing its ability to dissolve solutes and extract bioactive effectively. Studies have
demonstrated that higher CO. density correlates with increased recovery of total phenolics and
flavonoids, validating the importance of fine-tuning extraction parameters [5]. Additionally, the
incorporation of food-grade co-solvents such as ethanol has been shown to improve the recovery
of polar compounds by adjusting the polarity of the extraction medium, providing a boost to
extraction effectiveness [4]. Notably, SFE allows for selective extraction under mild conditions,
preserving the stability and therapeutic efficacy of heat-sensitive compounds. For example,
tocopherols and carotenoids, which are often degraded under high-temperature solvent extractions,
remain intact under SFE, ensuring higher-quality extracts [6].

Recent studies have expanded the understanding of the anti-inflammatory properties of
bioactive compounds extracted via SFE. For instance, flavonoids and tocopherols have been
identified as effective modulators of inflammatory pathways, demonstrating significant promise
for therapeutic applications. Similarly, phenolic compounds extracted from various plant sources
have shown potential to inhibit the production of pro-inflammatory cytokines, providing evidence
for their role in chronic disease prevention. As the field advances, exploring optimal extraction
conditions specific to various bioactive compounds remains essential. The selection of parameters
such as temperature, pressure, and the use of co-solvents can significantly influence the bioactivity
of the resulting extracts, reinforcing the need for further research in this area [7]. Hence, SFE has
been reported to enhance the recovery of bioactive compounds while offering potential
applications in sustainable waste valorization and the development of products.

In contrast to conventional solvent extraction, SFE-derived extracts are generally superior in
both purity and stability. The absence of residual toxic solvents enhances their safety for food and
pharmaceutical applications, while the lower processing temperatures reduce thermal degradation
of heat-sensitive compounds such as carotenoids and tocopherols. Additionally, the tuneable
solvation power of supercritical CO: allows selective targeting of desired antioxidant fractions,
improving both yield and bioactivity. As a result, SFE extracts generally demonstrate greater
functional stability and bioefficacy, positioning them as more desirable for incorporation into high-
value health-related products [8]. Therefore, in this study seeks to employ SFE to recover the
phytochemicals from solid form of POSC, while assessing their antioxidant properties. By
integrating green technologies into POME valorization, this approach not only strengthens
sustainable waste management practices but also supports the circular bio economy. Transforming
palm oil by-products into value-added functional ingredients reduces environmental burdens while
creating new economic opportunities for agro-industrial residues [1].
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Methodology

Fresh palm oil sterilization condensate (POSTeC) was collected from a local PPNJ Kahang palm
oil mill in Kluang, Johor Malaysia, and kept stored at 4°C until further use. Analytical grade carbon
dioxide (99.9%) was purchased from a local supplier. Food grade ethanol (>99.5%), Folin—
Ciocalteu reagent, sodium carbonate, aluminum chloride, DPPH, gallic acid, quercetin, ascorbic
acid, and other analytical reagents were obtained from Sigma-Aldrich (USA).

The POSTeC sample was first stirred thoroughly to ensure homogeneity. Immediately filtered
using muslin cloth before it was then centrifuged at 4000 rpm for 40 min. The resulting solid phase
known as palm oil solid condensate (POSC) was collected by filtered through Whatman No. 1
filter paper. This solid POSC was stored for subsequent SFE extraction process and analysis.

Supercritical COx—ethanol extraction

The SFE extraction was carried out using ethanol as a co-solvent. The chiller temperature was
maintained at 2°C, and the back-pressure regulator heater at 60°C. About 5 £ 0.005 g of raw POSC
was loaded into a 30 mL extraction vessel. Liquid CO: was pumped at 4 mL/min, followed by
ethanol at 0.4 mL/min. Extracts were collected every 30 min in sealed vials and stored at 4°C.
Excess ethanol was removed using a MIVAC concentrator at 40°C for approximately 5 h to yield
a concentrated extract (~13 mL). A design of experiment (DOE) used to optimize key parameters
temperature (40 to 80°C) and pressure (10 to 30 MPa) with CO- and ethanol flow rates fixed at 4.0
mL/min and 0.4 mL/min, respectively. The responses analyzed were oil yield (%), f-carotene
(mg/kg), and a-tocopherol (mg/kg) to assess extraction efficiency and product quality.

Determination of a-Tocopherol and f-Carotene and structural characterization
Approximately 1 mg of POSC extract was mixed with 3 mL of methanol in a glass tube, vortexed,
and sonicated for 15 min to dissolve carotenoids and tocopherols. The mixture was left to stand at
room temperature for 10 min before analysis using a UV-Vis spectrophotometer (Genesys 10S,
Thermo Scientific, Japan) at 450 nm for pf-carotene and 293 nm for a-tocopherol. All
measurements were conducted in triplicate, and concentrations were calculated from standard
curves, expressed as f-carotene and a-tocopherol equivalents (mg/kg sample).

About 1 mg of POSC extract was mixed with 100 mg of dry KBr, ground in an agate mortar,
and pressed into a 13 mm pellet. The pellet was kept dry and analyzed immediately to avoid
moisture interference. FTIR spectra were recorded from 4000 to 400 cm™ at 4 cm™ resolution,
using a pure KBr pellet as background. All spectra were baseline-corrected, normalized, and
examined for characteristic functional groups, with replicate pellets prepared for reproducibility.

Determination of TPC and TFC

Total phenolic content (TPC) was determined using the Folin—Ciocalteu method. Briefly, 0.5 mL
of POSC extract (1 mg/mL) was mixed with 2.5 mL of Folin—Ciocalteu reagent (1:10 dilution)
and 2.0 mL of 7.5% sodium carbonate, followed by incubation at room temperature for 30 min in
the dark. Absorbance was measured at 765 nm using a UV—Vis spectrophotometer, and results
were expressed as mg gallic acid equivalents (GAE)/g extract. Total flavonoid content (TFC) was
determined by the aluminum chloride colorimetric method, in which 0.5 mL of extract was mixed
with 1.5 mL of ethanol, 0.1 mL of 10% aluminum chloride, 0.1 mL of 1 M potassium acetate, and
2.8 mL of distilled water. After incubation for 30 min at room temperature, absorbance was
recorded at 415 nm, and results were expressed as mg quercetin equivalents (QE)/g extract.
DPPH free-radical scavenging activity

The antioxidant activity of the POSC extracts was evaluated using the DPPH (2,2-diphenyl-1-
picrylhydrazyl) radical scavenging method. Briefly, a 0.1 mM DPPH solution was prepared in
methanol and stored in the dark until use. For the assay, 100 pL of extract solution at various
concentrations was added to 3.9 mL of freshly prepared DPPH solution. The mixture was vortexed
gently and incubated at room temperature in the dark for 30 min to allow the reaction to proceed.
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The decrease in absorbance was measured at 517 nm using a UV-Vis spectrophotometer against
methanol as blank. Ascorbic acid (or Trolox, if preferred) was used as a positive control. The
radical scavenging activity was calculated using Eq. (1) [1],

DPPH scavenging activity (%) = “control“sample 5 1) (1)

Acontrol

where Aconiror 18 the absorbance of the DPPH solution without extract and Asampie s the absorbance
with extract and results were expressed as percentage inhibition.

Results and Discussion

Effect of SFE conditions on POSC

The 13 runs of content of extract yield, f-carotene and a-tocopherol in the POSC extracts varied
significantly with changes in temperature and pressure as shown in (Table 1) suggesting that the
extraction of these bioactive is highly sensitive to the processing conditions.

Table 1 SFE of POSC within vary temperature and pressure.

Factors Responses
Run A: Temp. B: Pressure Extract  f-carotene  a-tocopherol

O (Mpa) yield (g)  (mg/kg) (mg/kg)
1 80 30 3.1559 6.9835 10.2082
2 60 30 1.8815 8.6788 9.9164
3 60 10 2.3425 8.0353 9.9327
4 60 20 2.7282 7.6435 11.0864
5 60 20 2.8641 6.3412 13.1918
6 60 20 2.4818 6.3412 12.3055
7 40 30 3.2249 6.0529 10.9609
8 80 20 2.5697 8.4294 14.0209
9 40 10 1.7593 7.6506 9.5127
10 60 20 2.614 7.9647 109718
11 40 20 3.3879 5.9424 11.6782
12 60 20 2.4169 8.7353 12.5345
13 80 10 2.5628 8.3306 15.6764

The extract yield of POSC obtained from SFE ranged from 1.76-3.39 g, mainly influenced by
the combined effects of temperature and pressure. Generally, increasing pressure improved
extraction performance due to the higher CO: density and solvent strength. For example, Run 9
(40°C, 10 MPa) produced the lowest yield (1.76 g), while Run 11 (40°C, 20 MPa) produced the
highest (3.39 g) [9]. However, further increasing pressure to 30 MPa did not enhance yield and
instead caused a decline, likely due to solute saturation or restricted mass transfer at high fluid
viscosity [10]. Temperature showed a non-linear effect. At moderate levels (60°C), yields
remained relatively stable due to a good balance between solute volatility and CO: density (Run
3:2.34 g; Run 5: 2.86 g). At high temperature with lower pressure, yield dropped (Run 13: 2.56
g), indicating that reduced CO: density outweighs the benefits of increased solute vapor pressure
[11].

The p-Carotene content ranged from 5.94-8.74 mg/kg. The highest concentration was observed
under moderate extraction conditions (60°C, 20 MPa, Run 12: 8.74 mg/kg), confirming the need
to prevent both thermal degradation and low solvent density. Very low pressure (Run 9) or
excessively high temperature (Run 8) reduced B-carotene recovery, which is aligned with previous
findings showing optimum conditions around 50-65°C and 15-25 MPa [13]. The a-Tocopherol
content ranged from 9.51-15.68 mg/kg, indicating that it is more temperature-sensitive. The
highest recovery occurred at 80°C and 10 MPa (Run 13: 15.68 mg/kg), suggesting enhanced
solubility at elevated temperatures. However, applying both high temperature and high pressure
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reduced extraction efficiency (Run 2: 9.92 mg/kg), demonstrating that excessive pressure may
hinder compound selectivity [14]. Overall, moderate pressure with balanced temperature
conditions achieved the best combination of extract yield and phytochemical recovery, particularly
for f-carotene and a-tocopherol.

FTIR structural profiling of POSC

Fig. 1 shows the FTIR spectra of POSC extracts obtained under low (40°C, 10 MPa), mid (60°C,
20 MPa), and high (80°C, 30 MPa) SFE conditions. The variations in peak intensities reflect how
different temperature—pressure settings affect the solubility and stability of phytochemicals in
POSC. p-Carotene is identified by strong C—H stretching peaks at 2065-2098 cm™ from its long
hydrocarbon chain, and a conjugated C=C stretch around 1468 cm™, which represents the polyene
structure typical of carotenoids. a-Tocopherol shows a distinctive O—H stretch near 3300 cm™
(hydroxyl group), C—H stretches at 2800-3000 cm™ (alkyl chains), an aromatic C=C stretch near
1600 cm™, and C-O stretching peaks at 1100-1200 cm™ corresponding to ether/alcohol groups
(Ramos-Hernandez et al., 2018). Overall, the spectra confirm characteristic signals of both
compounds: B-carotene is dominated by conjugated C=C and C-H vibrations, whereas ao-
tocopherol is marked by O—H, aromatic C=C, and C—O functional group peaks.
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Figure 1 Structural profiling of POSC at low, mid and high SFE conditions.

Phytochemical composition of POSC

The total phenolic content (TPC), total flavonoid content (TFC), and antioxidant activity (AA) of
POSC extracts under different SFE conditions were presented in (Table 2). The total phenolic
content (TPC) increased with greater extraction severity, from 10.438 mg/g GAE DW at 40 °C,
10 MPa to 52.214 mg/g GAE DW at 80°C, 30 MPa, due to enhanced solvent power and ethanol-
induced polarity modification at elevated pressure and temperature [17—19]. Conversely, total
flavonoid content (TFC) was highest under mild conditions (155.384 mg/g QE DW), then declined
at 60°C, 20 MPa and further at 80°C, 30 MPa, confirming the heat-sensitivity and reduced
selectivity toward flavonoids under harsher conditions [18,20].
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Table 2 Phytochemical of POSC extracts at different SFE conditions.

Phytochemicals POSC (low) 40°C, | POSC (mid) 60°C, POSC (high)
compositions 10 MPa 20 MPa 80°C, 30 MPa
Total phenolic content 10.438 + 0.52¢ 15.624 +0.37° 52214+1.15%
(TPC, mg/g GAE DW)

Total flavonoid content 155.384 +2.41° 116.729 £ 1.98° 64.462 £1.22°¢
(TFC, mg/g QE DW)

Antioxidant activity 96.43 £ 0.56* 95.02 +0.42° 95.75+0.35®
(AA, %)

Values are means * standard deviation (n = 3). Different superscript letters (a—c) within the same row
indicate significant differences (p < 0.05) according to one-way ANOVA followed by Tukey’s HSD test.

Despite this opposing behavior, antioxidant activity remained consistently high (=95-96%),
indicating that multiple compound groups contribute to radical scavenging. The absence of
proportional increases in antioxidant response at high TPC levels suggests dilution by non-
antioxidant components co-extracted under severe conditions, similar to prior observations in palm
oil-based systems [21].

Conclusion

This study demonstrates that palm oil solid condensate (POSC), a fraction of palm oil sterilization
condensate typically considered waste, can be effectively valorized into high-value antioxidant
extracts using supercritical fluid extraction (SFE). Extraction parameters strongly influenced
bioactive recovery: phenolic content was maximized under high pressure—temperature conditions,
flavonoids were better preserved under mild conditions, and antioxidant activity remained
consistently high across all settings. Among the tested conditions, mid SFE (60°C, 20 MPa) offered
the most versatile phytochemical balance, whereas low SFE favored heat-sensitive flavonoids and
high SFE enriched potent alkaloids. These outcomes establish SFE as a green and efficient
platform for converting palm oil by-products into bioactive-rich extracts, advancing both
sustainable waste management and the development of functional ingredients for health-related
industries.
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Abstract. One of the effective strategies for advancing the goals of process intensification is the
purposeful introduction of reproducible structures through a combination of computer-aided
molecular design and print-assisted fabrication techniques. In this study, molecular models of two
polymers—MDA and ODA—were developed using Avogadro software. These models were
subsequently fabricated into membranes using a print-assisted method, specifically employing a
LaserJet printer to produce structured flat-sheet composite membranes. The membranes were
evaluated for their performance in N2/CHa gas separation. Characterization of the membranes was
conducted using microscopy, while gas transport properties and separation performance were
assessed via constant-pressure gas permeation tests, measuring both permeability and hydraulic
resistance. Although the same substrate was used for printing both polymers, the hydraulic
resistance varied significantly between the materials and the gases tested. For MDA, resistance to
N2 and CHs ranged from 38,560.78 to 95,697.10 kPa-s/m?, whereas ODA exhibited a range of
28,132.33 to 88,124.16 kPa-s/m>. In terms of selectivity for N2/CHa, ODA demonstrated values of
2.34 and 3.10 for single-layer and seven-layer membranes, respectively, compared to 1.71 and
1.92 for MDA under the same conditions. Morphological analysis revealed that the printed
membranes possessed well-defined structures with evenly distributed voids, contributing to
enhanced reproducibility and predictability in performance. Overall, the fabricated membranes
exhibit promising characteristics for intensifying membrane-based separation processes,
particularly in the context of N>/CH4 separation.

Introduction

The demand for engineered membrane materials has risen rapidly owing to a drastic increase in
the demand for membrane separation equipment and processes for gas separation. The growing
interest in the industrial application of membrane technology is due to its intrinsic beneficial
features, such as high energy efficiency, operation simplicity, modularity, lower footprint, no
phase change involved, low weight, low maintenance, and ease of scaling up [1]. Despite some
initial successes in various membrane materials fabrication methods, many challenges remain in
developing membrane materials that are suitable for separating a variety of gas mixtures. The
performance of a membrane separation system is dictated by the semi-permeable membrane
materials employed for the separation. In most cases, the materials are made with polymers with
known chemical structures. Therefore, majority believe that molecular design and engineering
methods that allow the tailoring of the physical, chemical and micro-structural properties of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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polymers is the most successful method to enhance the separation performance [2]. Much research
effort has been published on chemical modifications of polymers which resulted in controlling the
gas separation performance of the membrane [3,4,5,6,7,8]. The practice of chemical modification
of polymer followed by subsequent synthesis and fabrication of these membranes involves series
of chemical processes and the use of hazardous volatile solvents and chemicals which are
dangerous to both researchers and the environment at large. In addition, the processes are also
time-consuming and may involve the use of expensive chemicals and reagents. It is therefore
imperative to devise a means of simulating the performance of these polymers as membranes
before fabrication. The simulation can be used as a quick screening tool to reduce waste, cost and
time, save the environment and safeguard the health and safety of researchers. A computer-aided
molecular design and print-assisted fabrication is thereby proposed as a tool for the design and
fabrication of membranes for gas separation.

In this study, the incorporation of the inkjet coating procedure into the membrane fabrication
process was demonstrated using a complex mixture of nanoparticles, polymers and dyes. The
capabilities of the produced membranes for the separation of various gas mixtures were
investigated. The application of inkjet printing in membrane fabrication could facilitate the
production of mixed-matrix membranes with uniformly distributed nanoparticles. Thus, the central
aim of this study is to evaluate the fundamental physio-chemical properties of a membrane that is
designed by molecular design software and then fabricated using inkjet printing as a deposition
and patterning tool. Specifically, molecular design of MDA and ODA was carried out using
Avogadro software. The designed polymer was then printed using an inkjet printer. The printed
membrane was evaluated in terms of the gas permeability and selectivity of the membrane.

It is expected that this work will open a new frontier in the approach used for membrane design
and fabrication. It will also provide some insights into how membrane performance can be
simulated and predicted before carrying out the practical routes of its synthesis in the lab.
Membranes produced with this type of method are expected to possess a uniform and repeatable
morphology, which will make it easier to understand the membrane physico-chemical behaviours
and predict their performance. The understanding of the physio-chemical behaviours can
ultimately provide insight required for accurate prediction of membrane performance.

Methodology and Materials

The materials used in this research include an inkjet printer, ink, lignocellulosic paper-based gases
(CH.and N2). Molecular design of two polymers, 4,4'-Oxydianiline (ODA) and methylenedianiline
(MDA) was done using Avogadro's software. The optimized geometry was then duplicated to
many molecular chains. The chains were arranged side by side. The two polymers were then
printed using ink-jet printer [9,10,11,12]. The flat sheet membrane was printed using word
processing software and a laser jet printer.

The morphology of the fabricated membrane samples was studied using SEM and Digital
Microscope USB X1000 RoHS to capture an optical image of the sample surfaces and cross-
section.

Hydraulic resistance and gas permeability were measured by a constant pressure/variable
volume apparatus. Detailed information about this apparatus has been published elsewhere [13].
The apparatus is composed of the permeation cell and a gas flowmeter on the downstream side. At
steady-state condition, gas permeability was calculated using,

22414 1 pidv
A (p2—-p1)RT dt

p = (1)

where A4 is the membrane area (cm?), p> and p; are feed or upstream and permeate or downstream
pressures, respectively, R is the universal gas constant (6236.56 cm® cm Hg/mol.K), T is the

202



Separation Technology - ICoST 2025 Materials Research Forum LLC

Materials Research Proceedings 59 (2026) 201-207 https://doi.org/10.21741/9781644903957-26

absolute temperature (K), dV/dt is the volumetric flow rate obtained from the flowmeter (cm?/s)
and 22.414 is the number of cm? STP of penetrant per mole [14,15].

Results and Discussion

Figs. 1 and 2 provide information about the uniformity of deposition and dispersion of particles
in the substrate. Fig. 1(a) shows a clear distinction between the deposited layer and the underlying
substrate, with the former being a black layer overlaying the whitish cellulosic paper support. This
optical comparison validates the effective formation of the layers through the LaserJet printing-
assisted method. Fig. 1(b)-(f) shows the structural development in terms of more layers. As an
example, the distribution of the active phase in Fig. 1(e) of the single-layer printed membrane is
relatively homogeneous, similar to that of the seven-layer samples. The uniformity of the
microstructural arrangement of different thicknesses indicates that the print-assisted fabrication
method can support the formation of mixed-matrix membranes with dispersed phases across the
entire continuous matrix.

a) Cross-section view of the membrane

b) Surface morphology of the membrane ;
¢) Surface of single membrane

Vg T % e) dispersed particles distribution in f) dispersed particles distribution in 7-
d) Surface of 7-layer membrane single layer membrane layer membrane

Figure 1 Optical microscopic images of different layers of printed membranes.

2BkU L

(a) Particles in single-layer

Figure 2 SEM images of membrane samples for different layers of printed membranes.

Optical microscopy observations (Fig. 1) are also supported by SEM analysis (Fig. 2), which
gives evidence of the microstructural features at a higher resolution. SEM images show that the
particles of ink are not only deposited on the surface but also embedded into the fibrous structure
of the cellulosic substrate and create a cohesive interface between the active and support layers.
Additionally, the lack of large agglomeration or void formation at the interface indicates a stable
fabrication process that can be used to generate defect-reduced mixed-matrix membranes that can
be used in gas separation.
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Gas transport properties

As shown in Table 1, the hydraulic resistance measurements are in close agreement with what was
seen in the SEM images. Both MDA and ODA single-layer membranes exhibited a high number
of very fine pores, but the ones in ODA were slightly bigger, albeit by a very small margin. This
slight variation assisted in lowering the flow resistance, particularly in the case of methane (CHa).
As an example, the CHa4 resistance of the single-layer ODA membrane was approximately 28,132
kPa s/m?, which was significantly lower than that of MDA, 38,561 kPa s/m>. In the case of nitrogen
(N2), the two membranes showed nearly identical resistance (65,827 and 65,933 kPa s/m* for MDA
and ODA, respectively), indicating that the slight difference in pore size between the two polymers
was not significant to this gas. Though the exact reason for this behaviour needs to be further
investigated, N2 is known to be less condensable and has weaker interactions with the polymer
matrix and is more dependent on overall pore connectivity rather than small changes in pore size.
At a membrane thickness of seven layers, the SEM images revealed that the surfaces became
rougher and some of the pore mouths were partially blocked or misaligned between layers. This
stratification effect automatically increased resistance to gas flow, since gases had to travel through
more interfaces and through a more tortuous path. In the case of MDA, there was a definite rise in
resistance to both gases: CHa to approximately 49,868 kPa s/m? and N2 to 95,697 kPa s/m>. The
greater rise in N2 indicates that the added roughness and narrower passages in the layered structure
were more difficult for the smaller gas to flow through.

Table 1 Hydraulic Resistance of Various Layer Membranes

Hydraulic
Polymer Layer Gas resistance
MDA-1-layer Single N> 65826.79
ODA-1-layer Single N>  65933.37
MDA-7-layer 7-layer Nz 95697.10
ODA7-layer 7-layer N2  88124.16
MDA-1-layer Single CH. 38560.78
ODA-1-layer Single CH. 28132.33
MDA-7-layer 7-layer CHs 49867.72
ODA-7-layer 7-layer  CHa. 28425.523

In the case of ODA, the resistance of N2 increased significantly (from about 65,933 to 88,124
kPa s/m?) when more layers were added, but the resistance of CH4 remained very small (28,132 to
28,426 kPa s/m?). This indicates that the slightly larger pores and improved orientation of layers
in ODA allowed the preservation of open CHa4 pathways, even after stacking. The ODA layered
structure thus dealt with the increased complexity more effectively than MDA, probably because
the pores were more continuous throughout the stack and less likely to be choked off at the
interfaces. Comparing the two polymers, the findings indicate that although both MDA and ODA
single-layer membranes have similar performance with N2, ODA has a lower resistance to CHa
and keeps it after layering. However, DA is penalized more when stacked, especially on Nz. This
is the direct translation of what is observed in the SEM: MDA -stacked membranes appear rougher
and more blocked on the surface, whereas ODA are more open and better connected.

In summary, the microstructure has a strong effect on the hydraulic resistance trends. Single
layers have the advantage of a high density of fine pores, but even a slight difference in pore size
can lower resistance to larger, more condensable gases such as CHa. The more layers added, the
more resistance is added in both cases, but the surface roughness and layer alignment are important
factors to avoid excessive pressure drops. Of the two, ODA was more stable in structure when
layered, whereas MDA was more susceptible to stacking effects.
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Permeability and selectivity

The gas permeability measurements of single-layer and septuple-layer membranes produced with
MDA and ODA inks indicate a clear change in gas transport behaviour, which is caused by the
structural change brought about by the consecutive deposition of the layers and by the nature of
the ink-substrate interface. As shown in Fig. 3(a) the permeability of methane decreased to 0.0219
(seven layers) and 0.0257 cm?® (STP) cm/(cm? scmHg) (single layer) in the case of MDA-based
membranes, and so did the permeability of nitrogen to 0.0114 and 0.0151 (cm?® (STP) cm/(cm?
scmHg). A similar tendency was observed in ODA-based membranes, where the nitrogen
permeability decreased to 0.0124 cm? (STP) cm/(cm? scmHg); interestingly, the permeability of
methane slightly increased to 0.0384 with each additional layer.
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Figure 3 (a) Nitrogen (N:) permeability of single-layer and seven-layer MDA and ODA
membranes, showing the impact of membrane layering and polymer type on gas transport, and
(b) CH4/N: selectivity of single-layer and seven-layer MDA and ODA membranes, illustrating
the enhancement in gas separation efficiency upon increasing the number of layers.

These differences in permeability indicate that there is a layer-dependent modulation of the
transportation of gases: MDA membranes are more likely to become densified with extra layers,
whereas ODA membranes are more likely to exhibit increased methane permeability, which is
likely to be caused by minor changes in the interfacial packing and the mobility of polymer chains.
CHa4/N:2 selectivity increased significantly as the number of deposited layers increased in both
membrane systems. The selectivity of MDA-based membranes increased by 1.71 (single layer) to
1.92 (seven layers), and ODA-based membranes increased by a more significant margin of 2.34 to
3.10 as in Fig. 3(b). This observation suggests that the extra layers enhance the molecular-sieving
effect and probably reduce the occurrence of non-selective defects that would otherwise promote
the diffusion of nitrogen. These observations are in line with the data of morphological and
structural characterization. SEM micrographs (Figs. 1 and 2) indicate that there is a relatively
homogenous distribution of ink particles in the cellulosic matrix, and the seven-layered membranes
have a more continuous and compact deposition as compared to the single-layered specimens. This
densification effect is probably one of the causes of the reported decrease in gas permeability,
especially in the case of the MDA membranes, as it reduces the effective transport pathways and
raises tortuosity. The slight rise in CH4 permeability after multilayer deposition in the case of ODA
membranes can be explained by the fact that interfacial compatibility between the ink and substrate
was improved due to the more integrated and smooth deposition patterns in the SEM micrographs.

In the case of the ODA membranes, the higher CHa permeability of the seven-layer sample can
be attributed to the fact that the rigid amorphous fraction was reduced slightly, thus facilitating the
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diffusion of CHa« without significantly reducing N: rejection. Generally, the gas permeation
properties presented herein demonstrate a subtle interaction between layer thickness, particle
distribution, crystallinity and interaction of functional groups. Single-layer membranes had a
relatively high permeability, and seven-layered structures provided better selectivity, especially in
ODA-based systems. These results demonstrate the urgent need to optimize the number of
deposited layers to balance flux and selectivity in specific gas-separation processes.

Conclusion

This study successfully demonstrated the feasibility of print-assisted fabrication of membranes
with controlled layer deposition ranging from 0 to 10 layers. Physicochemical characterization
results showed a clear difference in both hydraulic and gas separation performance (in terms of
permeability and selectivity between N2 and CHa4), uniform distribution of the particles throughout
the layers; and the presence of sulphate, phenolic, and carbohydrate-related functional groups that
provided structural framework. The single-layered membranes were expectedly relatively more
permeable whereas seven-layered membranes were more selective. These results indicate that
print-assisted methods have the potential to produce scalable membranes with reproducible
microstructures for gas separation. It can also serve as a tool for predicting the performance of a
new polymer for a membrane before synthesis. Further research is needed to investigate more
polymer structures and create a database for structure-property relationships for a number of
polymers for membrane fabrication. Moreover, the print-assisted method can serve as a strong tool
for evaluating the performance of mixed-matrix membranes for gas separation.
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