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ABSTRACT

Chaetomorpha aerea is a filamentous green alga commonly found in saline and brackish
aquaculture environments, where its excessive proliferation poses ecological concerns and operational
challenges. Utilizing this abundant biomass for chlorophyll extraction offers a sustainable biorefinery
approach, mitigating environmental impacts while enabling the recovery of high-value bioactive
compounds, as the species contains notably high chlorophyll content. Chlorophyll, a natural pigment
essential for photosynthesis, is widely applied as a functional additive in food and cosmetic products
due to its antioxidant, antibacterial, antifungal, hepatoprotective, anticancer, and immunomodulatory
properties. This study investigated the effects of MgCOs concentration, microwave power, and
extraction time on chlorophyll extraction from C. aerea using microwave-assisted extraction (MAE). A
Box-Behnken design was applied to optimize the conditions, which were determined to be 0.8%
MgCOs, 360 W, and 240 s, yielding 50.831 pg/mL of chlorophyll - closely aligned with model
predictions. The extract was concentrated under vacuum at 48 °C to 12% total solids, mixed with
maltodextrin (25%), and spray-dried at 160°C with a feed rate of 8 mL/min. The final powder exhibited
a green color, 3.37% moisture, good water solubility, and a recovery yield of 72.98%. Compared to
previous studies, MAE increased chlorophyll yield by approximately 1.5 times, while spray-drying
nearly doubled recovery efficiency, highlighting the effectiveness of this integrated extraction and
stabilization strategy.

Tir khoa: Box-Behnken, Chaetomorpha aerea, chlorophyll, optimization, spray-drying.
1. INTRODUCTION

In response to the increasing demand for natural colorants as alternatives to synthetic dyes, which
may pose health and environmental risks, chlorophyll has emerged as a promising candidate due to its
safety and biodegradability [1]. Beyond fulfilling the requirement for natural coloration, chlorophyll
has attracted considerable attention for its beneficial bioactivities, including antioxidant, anti-
inflammatory, and antimicrobial properties [2]. These attributes extend its potential applications across
functional foods, cosmetics, and pharmaceutical products. Consequently, the exploitation and
development of chlorophyll-based products contribute significantly to advancing sustainable solutions
within the modern bioprocessing industry.

Chlorophyll is a widely distributed natural pigment found in photosynthetic organisms ranging
from prokaryotic bacteria to higher plants. It predominantly occurs in cyanobacteria, algal chloroplasts,
and terrestrial plant tissues, where it plays a central role in photosynthesis by absorbing light energy and
converting it into biochemical energy [3]. In addition to its photosynthetic function, chlorophyll and its
derivatives have been extensively investigated for diverse biological activities, notably antioxidant, anti-
inflammatory, and anticancer effects, demonstrating pronounced efficacy against hepatocellular
carcinoma and breast cancer cell lines [4].

Green macroalgae serve not only as a source of essential nutrients and feed for aquatic organisms
but also possess a broad spectrum of bioactive compounds with immunomodulatory, antimicrobial, and
antioxidant potential [5]. Among these, Chaetomorpha aerea (C. aerea), a filamentous green alga of
the Cladophoraceae family, is widely distributed in brackish water ecosystems in Vietnam [6]. While
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this species may contribute positively to aquaculture food chains, its overgrowth and decomposition can
degrade water quality, posing a threat to aquatic farming systems. Given the growing demand for
functional ingredients from sustainable and underutilized biomass, C. aerea represents a promising
candidate for chlorophyll extraction. However, studies focusing on chlorophyll recovery from this
species remain limited.

Microwave-assisted extraction (MAE) has emerged as an efficient and environmentally friendly
technique for isolating thermolabile compounds, offering advantages such as shortened extraction time,
reduced solvent usage, and improved yields [7, 8]. Since chlorophyll is photosensitive [9] and
susceptible to oxidative degradation [10], process optimization and stabilization strategies, —such as
encapsulation via spray drying with maltodextrin, —are necessary to preserve its structural integrity
and functional properties during downstream processing. Previous studies have successfully applied
MAE for chlorophyll extraction from various botanical sources, including Pandanus amaryllifolius and
Chlorella vulgaris [11, 12]. Nevertheless, systematic studies on optimizing chlorophyll extraction and
stabilization from C. aerea are scarce.

In particular, the addition of MgCO; during microwave-assisted extraction has been widely
investigated, demonstrating its role in protecting the pigment from thermal and oxidative degradation,
thereby enhancing chlorophyll recovery yields [13] and preserving its characteristic green color [14].

Specifically, spray drying has been widely applied to stabilize chlorophyll due to its effectiveness in
reducing moisture and protecting sensitive compounds. Among encapsulating agents, maltodextrin is
frequently used owing to its low cost, high efficiency, bland taste, low viscosity at high solid content, and
excellent water solubility [15]. This approach has been shown to effectively stabilize physicochemical
properties and biological activities of hydrophobic and unstable compounds like chlorophyll [16, 17].
Moreover, spray-drying-based microencapsulation helps minimize interactions between powder
constituents and environmental factors, thereby enhancing overall product stability [18].

Despite the widespread application of microwave-assisted extraction and spray drying techniques
for recovering and stabilizing chlorophyll from C. aerea, systematic optimization of the extraction
process remains insufficiently explored. Notably, the use of advanced experimental designs - such as
Box-Behnken to simultaneously evaluate and optimize extraction parameters has been rarely reported.
This study addresses these gaps by employing a Box-Behnken design to investigate the effects of
magnesium carbonate (MgCOs) concentration, microwave power, and extraction time on the efficiency
of chlorophyll extraction, aiming to maximize yield while preserving bioactivity. The developed
predictive regression model was validated experimentally to confirm the optimal extraction conditions.
Furthermore, the influence of spray drying parameters on the physicochemical properties and functional
stability of the chlorophyll powder was thoroughly examined to produce a stable, high-quality product.
The findings contribute to establishing a robust and scalable extraction protocol for producing
chlorophyll-enriched ingredients suitable for functional foods and nutraceutical applications.

2. MATERIALS AND METHODS

2.1. Materials
2.1.1. Materials

C. aerea algae was collected from shrimp ponds in Gia Ray town, Bac Lieu province. The
collected algae were transported in foam boxes to the laboratory on the same day. At the laboratory, it
was washed to remove impurities, then dried and finely ground by machine crushing the dry algae to a
particle size of around 0.5 mm before storing it at 4 °C until usage.

2.1.2. Chemicals

Magnesium carbonate (Xilong Scientific Co., Ltd., China), ethanol (Xilong Scientific Co., Ltd.,
China), maltodextrin (Cool Chemistry, China).

2.2. Methods
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2.2.1. Preparing C. aerea powder

The algae were thoroughly washed to remove impurities, followed by drying at 60 °C for 6-7 h
until the moisture content dropped below 10%. The dried samples were then ground to pass through an
80-mesh sieve.

2.2.2. Effects of chlorophyll extraction from C. aerea

One g of C. aerea powder (according to the dry mass) was added with distilled water at a 1:10
(w/v) in the investigated concentrations of MgCOs (0.2, 0.4, 0.6, 0.8, 1.0 %w/w), in different microwave
powers (90, 180, 270, 360, 450 W) and different microwave times (60, 120, 180, 240, 300 s).
Afterwards, microwave-treated samples were added ethanol to reach 60% concentration before being
incubated at 60 °C for 60 min and centrifuged at 5000 rpm for 15 min. The supernatant was analyzed
spectrophotometrically to determine total chlorophyll content and evaluate the optimal concentration of
MgCOs3 and microwave-treated conditions.

2.2.3. Optimal experimental design

Response surface methodology (RSM) was employed to simultaneously optimize multiple
variables to achieve the desired response. A Box-Behnken design with 15 experimental runs, including
3 replicates at the centre point, was applied to determine the optimal extraction conditions. The
independent variables evaluated were MgCQOs concentration, microwave power, and microwave
irradiation time, all of which influenced the chlorophyll content. The response variable, chlorophyll
yield, was assessed, and a second-order polynomial model was used to describe the relationship between
the response (Y) and the independent variables (Xj).

Yi=bo+biXi + 02Xz + b3Xs + bi2XaXz + bisXiXs + b2sXoXs + biiXa? + b2 Xo? + b X2 (Eq.1)
The extract obtained under optimized conditions was subsequently used to investigate the
parameters of the spray drying process.
2.2.4. Effects of spray drying on obtaining chlorophyll powder

The chlorophyll extract was concentrated through rotary evaporation at 48 °C to completely
remove the solvent completely. Subsequently, it was mixed with different maltodextrin at carrier
concentrations of 15%, 20%, 25%, and 30% (w/w, based on sample weight), aiming to increase the total
solid content to 12%. The mixtures were then subjected to spray drying at inlet temperatures (140, 150,
160, 170 °C) with different feed rates (6, 7, 8, 9 mL/min).

2.3. Analytical methods
2.3.1. Determination of chlorophyll content

Chlorophyll content was determined using the spectrophotometry method, referencing lain et al.,
(1995). Chlorophyll exhibits maximum light absorption at 645 nm and 663 nm wavelengths, reflecting
the amount of chlorophyll present in the solution.

Total chlorophyll (ng/L) = 20.2 x Agys + 8.02 X Aggs (Eq.2)
where Agss and Agss are the absorbance values of chlorophyll at 645 nm and 663 nm, respectively.
2.3.2. Determination of chlorophyll powder recovery

The chlorophyll powder yield after spray drying was calculated based on the dry weight using the
following formula [19]:
obtained spray dried (g)

Chlorophyll powder recovery (%) = ( ) x 100 (Eq.3)

chlorophyll extract (g) + maltodextrin (g)
2.3.3. Determination of chlorophyll powder properties

Bulk density (Bd): Bulk density (g/cm?) of the chlorophyll powder was assessed by placing 2 g of
the sample into a 10 mL graduated cylinder and recording the volume it occupied. The density was then
calculated by dividing the sample’s weight by its volume, as outlined by Saifullah ez al, (2016) [20].

Particle density (Pd): To evaluate the density of chlorophyll powder, 1 g of the powder was
transferred into a 10 mL graduated cylinder sealed with a glass stopper. Then, 5 mL of petroleum ether
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was added, and the cylinder was shaken for around 30 s to suspend all particles. An additional 2 mL of
petroleum ether was used to rinse the inner walls of the cylinder. The total volume of the petroleum
ether and suspended particles was recorded, and the powder density was calculated as the ratio of the
powder’s mass to this measured volume [21].

Tapped density (Td): Tapped density was determined by placing 2.5 g of chlorophyll powder into
a 10 mL graduated cylinder. The cylinder was then tapped manually 100 times from a height of 15 cm
onto a rubber surface to allow powder compaction. The final volume was recorded, and tapped density
(g/cm®) was calculated by dividing the powder weight by the compacted volume [20].

Solubility (S): One gram of the chlorophyll powder was dispersed in 100 mL of distilled water and
stirred using a magnetic stirrer at 500 rpm for 30 min. The resulting mixture was transferred into
centrifuge tubes and centrifuged at 2214 g for 5 min (Model Z 206A, HermLe, Germany). The collected
supernatant was dried at 105°C for 5h in a hot air oven, and solubility (%) was determined by
comparing the dried residue weight to the original powder mass [21].

Flowability (F): The flowability of the samples was assessed using the Carr Index (CI) and
Hausner Ratio (HR), which were calculated based on the measured bulk density (Bd) and tapped density
values [20].

Td-Bd
Td

Td
HR =— x 100 (Eq.5)

Cl (%) =

x 100 (Eq.4)

Porosity (P): The porosity (P) of the chlorophyll powder was calculated using particle density
(Pd) and tapped density (Td) [21].
Pd-Td

PN ="

x 100 (Eq.6)

2.3.4. Structural and morphological analysis

Fourier transforms infrared spectroscopy (FT-IR)

The infrared spectrum of chlorophyll powder was obtained using a Tensor 37 FT-IR spectrometer
(Bruker, Germany). Spectral data were collected within the wavenumber range of 4000 to 450 cm™, at
a resolution of 1 cm™, with a total of 100 scans recorded at a scan rate of 0.5 cm™'/s. For analysis, the
sample was finely ground, mixed with potassium bromide (KBr), and compressed into a pellet. A pure
KBr pellet served as the background reference.

Scanning electron microscopy (SEM)

The surface morphology of the chlorophyll powder was examined using a scanning electron
microscope (SEM, JEOL). Each sample was individually mounted onto gold-coated aluminium stubs
using double-sided adhesive tape. The mounted specimens were then placed in the SEM chamber and
observed under an accelerating voltage of 2.5 kV to evaluate particle shape and surface characteristics.

X-ray diffraction (XRD)

The crystalline properties of the chlorophyll powder were analyzed using X-ray diffraction (XRD)
with a D2 Phaser diffractometer (Bruker, Germany). Diffraction patterns were recorded within a 2 0
range of 30° to 40°. The analysis was conducted using CuKa radiation with a nickel filter, operated at
40 kV and 0.8 mA. The scan rate was set at 4° per minute to assess the degree of crystallinity.

2.3.5. Microbiological tests

The aerobic colony counts in chlorophyll powder samples were determined by ISO 4833-1:2013.
and ISO 21526-2:2008 of yeast and mold in select foods.

2.3.6. Heavy metals test

Heavy metals in chlorophyll powder samples were analyzed according to AOAC Official Method
2015.01, including arsenic (As), lead (Pb), mercury (Hg), and cadmium (Cd).

2.4. Data analysis
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All experiments were conducted in triplicate. The results were analyzed and visualized using
Microsoft Excel 2019 (USA). Statistical analysis was performed using JMP pro 17 software (USA), and
differences between samples were evaluated by one-way analysis of variance (ANOVA) at a
significance level of p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Microwave-assisted extraction of chlorophyll

The effects of the concentration of MgCO3, microwave power and microwave time on chlorophyll
extraction are shown in Fig. 1. The chlorophyll content increased progressively from 20.32 pg/mL to
33.02 pg/mL between 0-0.8%, followed by a slight decrease at 1%, reaching 32.43 + 0.03 pg/mL (Fig.
1A). The results indicated that the chlorophyll content increased progressively with MgCOs
concentration and reached its peak at 0.8% (w/w), corresponding to 33.02 + 1.35 pg/mL. Although no
significant difference was observed among the MgCOs concentrations of 0.6%, 0.8%, and 1.0% (p >
0.05), the 0.8% level was selected due to its higher average chlorophyll content compared to 0.6%, as
well as its ability to provide better protective efficacy. At the 0.6% concentration, the amount of Mg?*
ions may be insufficient to prevent the loss of the central Mg?* ion in the chlorophyll molecule, thereby
reducing extraction efficiency. The addition of MgCO:s positively influences chlorophyll extraction by
maintaining an excess of Mg?* ions in the extraction medium, which helps to stabilize the chlorophyll
structure by preventing demetallation. Conversely, increasing the concentration to 1.0% did not enhance
extraction efficiency and tended to decrease chlorophyll yield, likely due to the formation of
pheophytins under mildly acidic conditions. This decline is attributed to the acid-catalyzed conversion
of chlorophyll into pheophytins, which compromises pigment integrity [22].
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Figure 1. Effect of the concentration of MgCO3 (A), microwave power (B) and microwave time
(C) on chlorophyll extraction (p < 0.05; n=3)

The results, presented in Fig. 1B, indicate that the efficiency of chlorophyll extraction assisted by
microwave treatment was influenced by the applied microwave wattages. As the microwave power
increased from 90 to 360 W, the chlorophyll content rose continuously from 19.12 pg/mL to 33.70
pg/mL, reaching a peak of 37.09 + 2.22 pug/mL at 360 W. The rapid heating effect, causing the speedy
solvent evaporation and sudden pressure gain, promotes the breakdown of cell structures, facilitating
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the release of intracellular compounds into the solvent [23]. Although a statistically no significant
difference was observed between chlorophyll extraction at 360 W and 450 W (p > 0.05), the power of
360 W was selected due to its energy efficiency and because it yielded the highest chlorophyll content
compared to 450 W. Nonetheless, increasing the power to 450 W resulted in a decrease in chlorophyll
content, likely due to thermal degradation or transformation of chlorophyll compounds caused by
excessive energy input. Supporting findings by Nguyen Hong Khoi Nguyen et al, (2021) also
demonstrated a maximum chlorophyll yield of 13.67 pg/mL at 360 W [24], suggesting that the result of
360 W is acceptable and suitable for subsequent experiments. Microwave treatment time significantly
influenced the amount of chlorophyll extracted. Experimental data show that at 360 W for 240 s,
chlorophyll yield reached a maximum of 43.04 + 0.76 ug/mL, but decreased to 40.5 + 0.75 pg/mL at
300 s. A short exposure time may be insufficient for solute migration from inside the cells to the solvent,
whereas an appropriate duration allows solutes to reach equilibrium more efficiently. This trend is
clearly illustrated in Fig. 1C, where the chlorophyll content initially increases with time but declines
beyond the optimal point, indicating possible thermal degradation or structural damage to the plant
matrix. Regardless, extending treatment time does not enhance extraction and even leads to degradation
due to high temperature and pressure [25]. Compared to the study carried out by Nguyen Hong Khoi
Nguyen et al., (2021), chlorophyll extraction from Pandanus amaryllifolius Roxb. under the same
duration yielded 3.3 times lower, at 13.03 pg/mL [24], demonstrating the superior extraction potential
of this algae species.

Overall, the experimental findings indicated that a MgCOs concentration of 0.8% (w/w),
microwave power of 360 W, and an extraction time of 240 s produced the highest chlorophyll yield
under the investigated conditions. These values represent the most favourable parameters within the
tested range and will be employed as the foundation for subsequent optimization experiments. The data
obtained provide essential insights for refining the extraction process, with the goal of improving
efficiency and maximizing chlorophyll recovery in future studies.

3.2. Optimization of chlorophyll extraction process by microwave-assisted extraction using RSM

A response surface methodology (RSM) based on the Box-Behnken design (BBD) was employed
to investigate the influence of key parameters on microwave-assisted chlorophyll extraction. Three
independent variables were selected: magnesium carbonate concentration (X;, %), microwave power
(X2, W), and extraction time (X3, s) (Table 1). Each factor was studied at three levels centred around
the midpoints of their respective ranges to construct a predictive quadratic model for chlorophyll
content.

Table 1. The variables and levels of BBD for MAE of total chlorophyll from C. aerea

Factor Levels X1, Cl\?llglcce(l;;r(z:;i)())n of X, Micr(;v\;?)ve power X3, Microwave time (s)
-1 0.6 270 180
0 0.8 360 240
1 1 450 300

The experimental chlorophyll concentrations obtained from the 15 designed runs (each conducted
in triplicate) revealed significant variation across conditions. The highest chlorophyll yield was recorded
in run 14 (50.970 £ 0.23 pg/mL), whereas the lowest was observed in run 7 (40.951 + 0.73 pg/mL).
Notably, three central runs (experiments 13 to 15), corresponding to X: 0.8%, X»: 360 W, and X3: 240
s, consistently produced chlorophyll contents near the predicted optimum, with statistical significance
(p < 0.05) compared to other treatments.

Analysis of variance (ANOVA) confirmed the adequacy of the quadratic regression model
generated by JMP Pro 17 software. The model exhibited a high coefficient of determination (R? =
0.987), indicating that over 99% of the variation in chlorophyll yield could be explained by the model.
The lack-of-fit test (p = 0.341 > 0.05) suggested that the deviation of the model from experimental data
was not statistically significant, further validating its reliability for prediction.

Table 2. BBK with three independent variables for MAE of total chlorophyll from C. aerea residue
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Factor 1 Factor 2 Factor 3 Total chlorophyll (ng/mL)
R o) Coded T xowy | S ] xa | OF | Actual value Predicted

1 0.6 -1 270 -1 240 0 43913+ 0.46 43.986
2 1 1 270 -1 240 0 44941 £0.16 45.273
3 0.6 -1 450 1 240 0 44929 £0.11 44.597
4 1 1 450 1 240 0 40.982 £ 0.56 40.909
5 0.6 -1 360 0 180 -1 44980+ 0.10 44.679
6 1 1 360 0 180 -1 43.015+0.23 42.455
7 0.6 -1 360 0 300 1 40.951 £ 0.73 41.511
8 1 1 360 0 300 1 41.033 +0.34 41.334
9 0.8 0 270 -1 180 -1 45974 £ 0.33 46.202
10 0.8 0 450 1 180 -1 45.753 £0.69 46.387
11 0.8 0 270 -1 300 1 46.754 £ 0.08 46.120
12 0.8 0 450 1 300 1 42409 +£0.15 42.181
13 0.8 0 360 0 240 0 50.506 +0.17 50.769
14 0.8 0 360 0 240 0 50.970 +0.23 50.769
15 0.8 0 360 0 240 0 50.831+0.23 50.769

The fitted second-order polynomial model describing the relationship between the response and
independent variables is presented below:

Chlorophyll content (ug/mL) = 50.769 + 0.525X; + 1.311X, — 0.447X5 — 2.153X2 - 1.175X,2 —
3.622X32 - 0.494X, X, + 0.012X, X5 — 0.281X,X;3

Table 3. ANOVA for response surface quadratic model

Source Ss;ligr(::fs df Sl\(/][:i::'le F-value p-value
Model 82.4927 9 9.1659 97.96 <0.001 significant
X1— Concentration of MgCO3 2.2029 1 2.2029 23.54 0.005
X2 - Microwave power 13.7576 1 13.7576 147.04 0.000
X3 - Microwave time 1.5976 1 1.5976 17.07 0.009
Xi1X2 17.1114 1 17.1114 182.88 0.000
XiX3 5.0977 1 5.0977 54.48 0.001
XoX3 48.4256 1 48.4256 517.57 0.000
X1 0.9752 1 0.9752 10.42 0.023
X2? 0.0006 1 0.0006 0.01 0.942
X3? 0.3158 1 0.3158 3.38 0.126
Residual 0.4678 5 0.0936
Lack of Fit 0.3544 3 0.1181 2.08 0.341 ot
significant
Pure Error 0.1134 2 0.0567
Cor Total 82.9605 14 0.0936

Among all the variables, X, (microwave power) exerted the strongest individual influence on
chlorophyll yield (F = 147.04, p < 0.001), followed by X; (MgCOs concentration) and X3 (extraction
time). Interaction terms, particularly X, X3 and XX, showed the highest F-values, indicating synergistic
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or antagonistic effects depending on the conditions. In contrast, the square term X,? was not statistically
significant (p > 0.9), suggesting a linear effect of microwave power in the studied range.

This model demonstrated strong statistical significance (F = 97.96; p < 0.001), implying a
meaningful relationship between the predictors and chlorophyll content. The three-dimensional
response surface plots (Fig. 2) illustrated interactions between pairs of factors while holding the third
constant at its centre point. These plots provided a visual insight into how individual and interactive
effects influenced extraction efficiency. For example, combinations of higher microwave power and
optimal MgCOs concentration enhanced chlorophyll yield, while prolonged exposure time beyond a
certain threshold led to degradation.

A) B) 0

Figure. 2. Response surface plots showing the interactive effects of extraction parameters on total chlorophyll
yield (ung/mL). (A) Effects of MgCOs concentration (%) and microwave power (W) at constant extraction time
(240 s); (B) Effects of MgCOs concentration (%) and microwave time (s) at constant microwave power (360 W);
(C) Effect of microwave power (W) and microwave time (s) at constant MgCOs concentration (0.8%).

The response surface plots presented in Fig. 2 illustrate the interactive effects of each pair of
independent variables on the total chlorophyll content under microwave-assisted extraction conditions
based on the Box-Behnken design model. Fig. 2A demonstrates the interaction between MgCO:s
concentration (%) and microwave power (W) while microwave time is held constant at 240 s. The
response surface indicates an increase in chlorophyll content as the MgCOs concentration increases
from 0.6% to 0.8%, and microwave power increases from 270 W to 360 W. However, a further increase
in power to 450 W leads to a slight reduction in chlorophyll content, especially at higher MgCO:s levels
(1.0%). This trend is supported by the experimental data, where a condition of 1.0% MgCOs, 450 W,
and 240 s yielded 40.98 & 0.56 pg/mL, which is among the highest recorded values, second only to the
central point condition (0.8% — 360 W — 240 s) with 50.97 + 0.23 ug/mL. Fig. 2B reveals the effects of
MgCOs concentration (%) and microwave time (s) when microwave power is fixed at 360 W.
Chlorophyll content increases as both factors rise, reaching a maximum of 0.8% MgCOs and 240 s,
corresponding to experimental values of 50.83—50.97 ug/mL. Beyond these optimal conditions, further
increases in MgCOs concentration or extraction time slightly reduce the yield, potentially due to thermal
degradation or oxidation of chlorophyll. Fig. 2C illustrates the interaction between microwave power
(W) and microwave time (s) at a fixed MgCOs concentration of 0.8%. Chlorophyll content increases as
power increases from 270 W to 360 W and time from 180 s to 240 s. However, at 450 W, the response
declines notably. For instance, the condition of 0.8% — 450 W — 300 s resulted in only 42.41 + (.15
pug/mL, approximately 4.3 pg/mL lower than the central point, highlighting the adverse effect of
excessive power on chlorophyll stability, possibly due to thermal degradation or pigment breakdown.

Collectively, the response surfaces indicate a pronounced nonlinear behaviour and highlight the
significance of interaction effects between variables. The optimal condition was identified at 0.8%
MgCOs, 360 W, and 240 s, with an actual chlorophyll content of 50.83—-50.97 pg/mL, closely matching
the predicted value of 50.77 pg/mL.

The adequacy and robustness of the fitted model were further validated through diagnostic plots.
The normal probability plot of standardized residuals (Fig. 3A) closely followed a straight line,
indicating that the residuals were normally distributed and supporting the validity of the ANOVA
assumptions. Furthermore, the predicted versus actual plot (Fig. 3B) demonstrated strong agreement
between experimental and model-predicted chlorophyll concentrations. Most data points fell within the
75%—-90% range, closely aligning with the observed values. The high coefficient of determination (R?
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=0.994) observed in this plot further confirmed the model's strong predictive capability. Collectively,
the small p-values associated with the main effects and interaction terms (p < 0.05) reinforced the
statistical significance of the model and underscored the contribution of these variables to the overall
extraction efficiency.
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Figure 3. Diagnostic plots for model validation: (A) Normal probability plot of residuals indicating normal

distribution and model adequacy; (B) Plot of actual vs. predicted chlorophyll concentrations (pg/mL) showing
strong agreement between values

The negligible difference (p > 0.05) confirms the reliability of the second-order regression model,
supporting its applicability in predicting and optimizing chlorophyll extraction using microwave-
assisted techniques. Based on the model prediction and desirability analysis, the optimal conditions for
maximum chlorophyll recovery were determined to be X;: 0.8% MgCOs, X3: 360 W, and X3: 240 s.
Under these conditions, the experimental chlorophyll yield reached 50.97 + 0.23 pg/mL, closely
matching the predicted value of 50.77 pg/mL with no significant difference (p > 0.05). This alignment
between predicted and actual values confirms the model’s validity and practical applicability for
optimizing microwave-assisted chlorophyll extraction. Moreover, this optimization process facilitates
achieving the highest recovery efficiency during subsequent spray drying and ensures the functional
and physical properties of the resulting powder are reliable and suitable for further application studies.

3.3. Spray drying process for chlorophyll powder recovery
The effects of spray-drying to obtain chlorophyll from C. aerea extract are shown in Fig. 4.
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Figure. 4. Effect of maltodextrin concentration (%) (A), feed rates (mL/min) (B) and inlet
temperature (°C) (C) on the recovery yield of chlorophyll.
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Fig. 4A illustrates the effect of maltodextrin concentration on the recovery yield and physical
characteristics of the spray-dried powder. As the carrier concentration increased from 15% to 25%, the
powder recovery yield improved progressively, reaching a peak value of 62.63 + 0.54% at 25%.
Although no significant difference was observed between carrier concentrations of 25% and 30% (p >
0.05), the 25% concentration was selected to reduce chemical usage while achieving the highest
chlorophyll recovery yield. Moreover, further increasing the carrier concentration to 30% resulted in a
slight decline in yield (61.60 £ 1.35%), which may be attributed to increased feed viscosity and
decreased drying efficiency. At lower maltodextrin levels, significant powder deposition on the inner
wall of the drying chamber was observed, reducing product recovery. The increase in maltodextrin
concentration significantly influences the recovery yield of chlorophyll powder during spray drying. At
an optimal concentration, maltodextrin raises the glass transition temperature (Tg) of the mixture,
reducing product stickiness on the drying chamber walls and thereby enhancing recovery yield.
Additionally, maltodextrin helps decrease the moisture content of the powder, contributing to the
protection of chlorophyll against thermal degradation. However, excessively high maltodextrin levels
may cause a slight decrease in recovery yield due to increased feed viscosity, which hinders atomization
and evaporation processes. Moreover, the high solid content can lead to particle agglomeration inside
the drying chamber, reducing powder collection efficiency in the cyclone system. Therefore, selecting
an optimal maltodextrin concentration is critical to balance chlorophyll protection and process recovery
efficiency [26]. In contrast, excessive maltodextrin resulted in higher solid content and viscosity of the
feed, which hindered moisture evaporation and increased the residual moisture content in the final
powder. In addition to yield, the appearance of the spray-dried powders also changed with varying
maltodextrin concentrations. Higher maltodextrin levels produced powders that were finer, softer, non-
sticky, and lighter in colour. These improvements are attributed to the inherent properties of
maltodextrin, including its white colour, high molecular weight, and bulking characteristics [27]. The
findings are consistent with previous studies that reported the significant influence of maltodextrin on
both moisture content and recovery efficiency during spray drying processes [28]. The feed flow rate
significantly influenced the recovery efficiency of chlorophyll powder during the spray drying process.
Experimental results demonstrated that increasing the flow rate from 6 to 8 mL/min enhanced the
recovery efficiency from 57.17 = 0.75% to 64.12 £ 1.17%. This relationship is clearly illustrated in Fig.
4B, which shows a positive correlation between feed flow rate and recovery efficiency within the
investigated range. However, when the flow rate increased to 9 mL/min, the recovery efficiency
decreased to 59.75 + 0.97%. A flow rate of 8 mL/min provided optimal recovery efficiency, likely due
to a balance between the residence time of the material in the drying chamber and the evaporation rate
of moisture. This is consistent with the findings of Seda Esus et al., (2007), who reported a maximum
recovery efficiency of 63% for spray-dried anthocyanin at a feed rate of 6.73 mL/min under the same
drying temperature (160 °C) [29], highlighting that different compounds require specific feed rates to
achieve comparable recovery outcomes. Increasing the inlet air temperature significantly influenced the
moisture content and recovery efficiency of chlorophyll powder. As shown in Fig. 4C, recovery
efficiency increased from 65.86 = 1.66% at 140 °C to a maximum of 72.98 + 0.30% at 160 °C, then
declined t0 69.29 £ 1.41% at 170 °C. At lower temperatures (<150 °C), insufficient moisture evaporation
due to a low-temperature gradient resulted in prolonged residence time and particle adhesion to chamber
walls, reducing yield. The inlet temperature in the spray drying process plays a crucial role in balancing
product recovery and powder quality, especially for heat-sensitive compounds such as chlorophyll. At
160 °C, both heat and mass transfer are optimized, facilitating rapid moisture evaporation and promoting
the formation of a protective film around chlorophyll molecules. This film minimizes direct exposure
of chlorophyll to heat and oxygen, thereby reducing degradation caused by thermal and oxidative
processes and contributing to higher pigment retention. When the inlet temperature exceeds 160 °C,
particle surfaces may reach or surpass their glass transition temperature (Tg), leading to stickiness and
partial melting of powders on the drying chamber wall. This results in substantial powder loss and a
decline in overall recovery yield. Moreover, excessive temperatures accelerate the breakdown of
chlorophyll, further compromising its concentration in the final product. On the other hand, drying at
temperatures below 160 °C leads to insufficient moisture removal, resulting in powder agglomeration
and wall deposition due to higher water content, which adversely affects powder recovery and stability.
Therefore, 160 °C is considered the optimal drying temperature, as it offers a favorable balance between
effective moisture reduction, minimal chlorophyll degradation, and enhanced powder recovery,
supported by both thermodynamic and physicochemical principles governing the spray drying process
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[30, 31, 32] . Conversely, excessive temperatures (=170 °C) accelerate moisture loss but increase
thermal degradation and product sticking, also reducing recovery. These findings align with those of Le
Huong Thuy, who reported optimal powder quality at 164 °C for spray-dried chlorophyll [33].
Therefore, 160 °C was selected as the optimal inlet temperature, balancing recovery efficiency and
product quality.

In short, the optimal spray drying parameters for chlorophyll powder production were identified
as 25% carrier concentration, a feed rate of 8§ mL/min, and an inlet temperature of 160 °C. Under these
conditions, the highest recovery efficiency was achieved, reaching 72.98 + 0.30%. The spray-dried
chlorophyll powder obtained under these optimal conditions will be further characterized using SEM,
FT-IR, and XRD analyses to gain deeper insights into its morphology, functional groups, and crystalline
structure.

3.4. Characterization of chlorophyll powder

The obtained chlorophyll powder was determined by physicochemical properties such as
moisture, bulk density, particle density, porosity, flowability, solubility, and encapsulation efficiency.
The results are shown in Table 4.

The moisture content of the spray-dried chlorophyll powder was 3.37 = 0.013%, which is below
the commonly recommended threshold of 4-6% for food powders to ensure prolonged shelf life and
reduced microbial activity. This result demonstrates the effectiveness of the optimized drying conditions
and the role of maltodextrin in producing a low-moisture powder matrix, thereby enhancing product
stability during storage. The bulk density (0.26 = 0.002 g/cm?®) and tapped density (0.37 £ 0.01 g/cm?)
were relatively low, which is typical for powders produced using maltodextrin as the sole carrier.
Additionally, the measured particle density was 0.87 + 0.07 g/cm?, and the calculated porosity reached
58.02 +1.84%, indicating a highly porous internal structure. This may be attributed to air entrapment
during atomization and the weak film-forming ability of maltodextrin, which favours the formation of
hollow or irregularly shaped particles [34]. As reported by Efraim et al., (2013), amorphous solids
increase the contact surface area between particles, thereby enhancing interparticle friction and
compromising flowability [35]. Furthermore, surface roughness caused by irregular particle
morphology can also increase frictional resistance and reduce flow behaviour [36]. The flowability of
the powder was classified as poor, based on a CI 0f 28.95 +2.80% and a Hr of 1.41 £ 0.05. These values
are characteristic of powders with low interparticle cohesion and non-uniform morphology. Poor flow
behaviour is often observed in carbohydrate-rich powders, such as those with high maltodextrin content,
which tend to form low-density, amorphous particles with high surface roughness and frictional
resistance [37]. Although maltodextrin plays a beneficial role in encapsulation and enhancing solubility,
its impact on mechanical flow properties remains limited and should be considered in the formulation
of food powders. Conversely, the powder exhibited high solubility (87.09 + 1.93%), indicating excellent
reconstitution behaviour in aqueous systems. This is a desirable attribute for applications in functional
foods, particularly beverages and nutraceuticals. The high solubility is likely due to the hydrophilic
nature of maltodextrin and the porous microstructure, which facilitates rapid water penetration and
dispersion. These findings are in agreement with those of Ferrari et al., (2012), who reported improved
solubility in spray-dried fruit powders when maltodextrin was used as a carrier agent [38].

Table 4. Physicochemical properties of spray-dried chlorophyll powder

No. Criteria Unit Results
1 Moisture % 3.37+0.01
2 Bulk density g/em? 0.26 £ 0.002
3 Particle density g/em? 0.87+0.07
4 Tapped density g/em? 0.37+£0.01
. CI (%) 28.95 +2.80
5 Flowability

HR 1.41 £0.05
Porosity % 58.02+1.84
7 Solubility % 87.09 + 1.93
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3.4.1. Scanning electron microscopy (SEM)

The SEM of chlorophyll powder with two scale bars of 2 pm and 10 pm is shown in Fig. 5. The
morphology of the powder particles reveals the presence of spherical particles with relatively smooth
surfaces, characteristic of products formed from the spray drying process with the presence of
maltodextrin as a carrier. Additionally, some irregular particles with sharp edges were observed, which
may represent chlorophyll crystals that have not been fully encapsulated. This suggests that the spray
drying process has produced a stable spherical structure that helps protect the active ingredient, although
a small proportion of the substance has not been effectively encapsulated. The variation in droplet size
during the spray drying process leads to differences in evaporation rate and the timing of membrane
(skin) formation. Smaller droplets have a higher surface area-to-volume ratio and evaporate more
quickly, causing the skin to form earlier. This limits shrinkage and results in spherical particles with
smooth surfaces [39]. Moreover, the presence of particularly at low concentrations contributes to the
formation of particles with a smooth appearance. This can be attributed to the characteristics of
maltodextrin, a low molecular weight polysaccharide that acts as a plasticizer, reducing the uneven
shrinkage of particle surfaces during the drying process [40].

,,-T'r;i}’_\-f\“

Figure. 5. Micrographs of particles of the chlorophyll powder (SEM at x7000 (left) and at x2000 (right))

3.4.2. X-ray diffraction analysis (XRD)

The XRD pattern of the chlorophyll powder maltodextrin shows a broad, diffuse peak centred
around 20 = 20 ° (Fig. 6). This pattern is characteristic of amorphous materials, which exhibit a
disordered molecular arrangement and, therefore, show low crystallinity [41]. There is an absence of
sharp and well-defined diffraction peaks, especially those typically associated with crystalline
chlorophyll, indicating that chlorophyll was effectively encapsulated within the maltodextrin matrix
during spray drying. This structural transformation from a semi-crystalline to an amorphous form
suggests successful entrapment of chlorophyll within the wall material, reducing its individual
crystalline characteristics. These results are in agreement with previous studies, which reported that
both gum arabic and maltodextrin - widely used wall materials - tend to form amorphous matrices after
spray drying [42, 43]. This finding is consistent with the results of other studies [17, 44]. Furthermore,
the amorphous nature of the spray-dried powder may positively influence its solubility and initial
reconstitution properties. However, it should be noted that amorphous structures are generally more
hygroscopic, which can lead to moisture absorption, microstructure collapse, or degradation of
encapsulated compounds during storage [41, 45]. Despite this, encapsulation in maltodextrin may
enhance the overall physical protection of chlorophyll and delay degradation. In conclusion, the XRD
results confirm that the chlorophyll pigment underwent structural transformation during spray drying
and is now primarily present in an amorphous state, likely embedded within the maltodextrin matrix.
This structural configuration is expected to improve the handling and dispersion properties of the
powder, although proper packaging is required to mitigate hygroscopic effects during storage.
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Figure. 6. X-ray diffraction of the chlorophyll powder

3.4.3. FT-IR analysis

The FTIR spectrum of chlorophyll powder is presented in Figure 7. A broad band centred at
approximately 3,300 cm™ is attributed to O—H and N-H stretching vibrations [46], which are
characteristic of hydroxyl groups in chlorophyll and the porphyrin ring structure. This band also
indicates possible hydrogen bonding, potentially influenced by the presence of maltodextrin. A strong
peak at 1,732—1,650 cm™, which typically corresponds to C=0 stretching in ester and keto groups of
chlorophyll a, was not distinctly observed but may have overlapped with broader signals or reduced due
to interactions with the carrier material [46]. However, a moderate band at 1,351 cm™ is consistent with
O-H bending vibrations, supporting the retention of hydroxyl functionalities [47]. The absorptions at
1,148 cm™ and 1,021 cm™ are associated with C—O—C and C-N stretching vibrations, suggesting the
preservation of ether and amine functionalities in the chlorophyll structure, including those linked to
the pyrrole rings of the porphyrin macrocycle [48]. A notable band at 575 cm™ is attributed to Mg—N
vibrations, confirming the integrity of the central magnesium ion complex within the chlorophyll
molecule after processing [49]. Overall, the presence of key functional groups such as O-H, C-N, C—
0O, and Mg—N indicates that the chlorophyll structure remained largely intact after microwave-assisted
extraction and spray-drying. The spectral data further support the successful incorporation and
stabilization of chlorophyll in the maltodextrin matrix.

102~

;
b
£

100 -

/
A
{
1
1
1
3
/
f
N
Y

1

s

\
N

<
2

951

3300.09 cm-1
1351.37 cm-1-+

2348.87 cm1—=

%T

1148.88 em-1——=
—

575.647 om-1———

84 L I . ] . 1 |
4000 3000 2000 1000 500
Wavenumber [cm-1]

Figure. 7. FT-IR spectra of the chlorophyll powder

3.4.4. Quality assessment of the chlorophyll powder

The results of heavy metal analysis showed that the concentrations of cadmium (0.04324 mg/kg),
arsenic (0.948 mg/kg), lead (0.433 mg/kg), and mercury (0.030 mg/kg) were all within the maximum
allowable limits established by Commission Regulation (EU No 23/2012) (Table 5).
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The compliance with these limits indicates that the raw materials and the spray-drying process,
including maltodextrin encapsulation, did not significantly contribute to heavy metal contamination in
the final product. This is a crucial finding as heavy metals, particularly arsenic and lead, are toxic and
can accumulate in the human body, potentially causing adverse health effects. Arsenic and lead are
among the most strictly regulated metals due to their high toxicity and bioaccumulation potential in the
food chain. The analyses were carried out in accordance with the AOAC 2015.01 standard method,
ensuring the reliability and accuracy of the data. These results align with previous studies, which
reported that the spray-drying process when combined with wall materials like maltodextrin. Typically,
it does not result in significant heavy metal accumulation in the final dried product [50]. In terms of
microbiological quality, the total aerobic microbial count was measured at 6.9 x 10* CFU/g, while the
yeast and mould count were 7.6 X 10° CFU/g (Table 5). Although no specific microbiological limits
from EU regulations were referenced in this study, these values are within typical ranges reported for
spray-dried plant-based powders. However, the relatively high yeast and mould count suggests the need
for improved hygiene control during post-drying handling and packaging to prevent potential
degradation during storage. Fungal contamination not only impacts sensory quality and shelf-life but
also poses a risk of mycotoxin production under certain conditions.

Table 5. Microbiological and heavy metal analysis results of chlorophyll powder.

No Parameters Unit Results Acceptable limit * Methods
Total aerobic 3 ISO 4833-
! microbial count CEU/g 6.9x 10 1:2013
Total yeast and mold 3 ISO 21527-
2 count CFU/g 7.6x 10 2:2008
3 Cadmium mg/kg 0.04324 <lmg/kg
4 Arsenic mg/kg 0.94750 <3 mg/kg
AOAC 2015.01
5 Lead mg/kg 0.43307 <5mg/kg
6 Mercury mg/kg 0.03037 <Img/kg

*Commission Regulation (EU 23/2012)

Overall, the results of this study demonstrate that the spray-dried chlorophyll powder with
maltodextrin encapsulation complies with the heavy metal safety limits outlined in EU regulations,
reinforcing its potential as a functional food ingredient or additive. However, further attention is needed
to control microbial contamination during the post-processing stages and packaging to ensure long-term
stability and safety.

4. CONCLUSION

This study successfully optimized the extraction and spray drying processes to produce a stable,
high-quality chlorophyll powder from the abundant and underutilized algae C. aerea. The optimal
extraction conditions (0.8% MgCOs, 360 W, 240 s) combined with spray drying parameters (25%
maltodextrin, 8 mL/min feed rate, 160 °C) achieved a high chlorophyll content and recovery efficiency
0f 79.98 £ 3.753%. The product met microbiological and heavy metal safety standards, while structural
analyses (SEM, FTIR, XRD) confirmed its quality and stability. This chlorophyll powder shows strong
potential for applications in the functional food, natural colorant, and pharmaceutical markets.
Importantly, utilizing C. aerea not only valorizes a locally abundant biomass resource but also
contributes to environmental protection by mitigating the pollution caused by excessive seaweed
growth. Future research will focus on evaluating the biological activities of the chlorophyll powder to
further substantiate its health benefits and expand its commercial applications.
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TOM TAT

NGHIEN CUU TRICH LY VA SAY PHUN THU NHAN BOT GIAU CHLOROPHYLL
TU RONG Chaetomorpha aerea

Hoang Thi Ngoc Nhon*, Nguyén Hoang Bao Ngan, Ho Phing Thanh Doanh
Trwong Pai hoc Cong Thirong Thanh phé Ho Chi Minh
*Email: nhonhtn@huit.edu.vn

Chaetomorpha aerea 1a mot loai tao luc dang s¢i, thuong phan bd & cac moi treong nudi tréng
thity san c6 do méan hodc lo. Sy phat trién qua mirc cta loai ndy c6 thé gy ra nhing van dé sinh thai va
anh huong dén hoat dong van hanh. Viéc tan dung sinh khdi phong pht nay dé chiét xuat chlorophyll
khong chi gbp phan giam thiéu tac dong moi trudng ma con ma ra hudng tiép can bén viing nham thu
hoi cac hop chat sinh hoc ¢6 gia tri cao, do loai nay c6 ham lwong chlorophyll twong dbi 16n. Chlorophyll
1a mot sdc 6 ty nhién thiét yéu trong qua trinh quang hop, hién dugc (ng dung rong rai nhu mot chat
phu gia chirc nang trong nganh thuc pham va my pham nho cac dic tinh chbng oxy hoa, khang khuan,
khang nam, chong ung thu. Nghién ctru nay khao sat anh huong cua nong d6 MgCO:s, cong suat visong
va thoi gian chiét dén hiéu suét chiét xuét chlorophyll tir C. aerea bang phuong phap chiét xuit hd tro
vi song (MAE). Thiét ké Box-Behnken dugc ap dung dé t6i uu hoa cac diéu kién chiét, két qua ti wu
thu duoc 1a 0,8% MgCOs, 360 W va 240 gidy, cho ham lugng chlorophyll dat 50,831 pg/mL, phu hop
véi gia tri dy doan tir mo hinh. Dich chiét sau d6 duoc cd dic chan khong & 48 °C dén khi dat ham
lwong chit kho 12%, sau d6 phbi tron v6i maltodextrin & ty 16 25% va sdy phun & 160 °C véi te do cap
liéu 8 mL/phat. Séan phém bot cudi ciing thu duge ¢6 mau xanh, do am 3,37%, kha ning hoa tan tot
trong nudc va hiéu sudt thu hoi dat 72,98%. So véi cac - nghién clru trude do, phuong phap MAE giap
tang ham luong chlorophyll khoang 1,5 lan, trong khi say phun gan nhu ting gap doi hi¢u suét thu hoi,
cho thay hiéu qua ciia chién lugc tich hop giita chiét xuat va on dinh hoa san pham.

Tir khéa: Box-behnken, Chaetomorpha aerea, chlorophyll, t6i wru, sdy phun.
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