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Alginate, a biopolymer sourced from brown seaweed, is of growing interest for bio-based materials, high-
lighting the need for sustainable extraction methods tailored to deliver physicochemical properties suit-
able for material fabrication. This work investigates a low-hazard sodium citrate chelation process that
replaces multi-step extraction with a single mild-pH operation for cation removal and alginate isolation.
The effects of temperature, time, and citrate concentration on the yield and physicochemical properties
were evaluated using the response surface methodology. Optimum conditions (49.5 °C, 1 h, and 0.125 M
citrate) resulted in a 21.0 + 0.6% yield and a high molecular weight (508 + 18 kDa), a ninefold increase
compared to that with non-optimized extraction. The method was reproducible at a 20-fold scale and
verified by Fourier-transform infrared spectroscopy analysis. Films derived from the optimized alginate
exhibited enhanced flexibility (tensile strain = 11 + 2%) and lower stiffness (Young's modulus = 2091 + 236
MPa) relative to those from lower molecular weight commercial alginate. Fourier-transform infrared spec-
troscopy, differential scanning calorimetry, and scanning electron microscopy showed that the optimized
films maintained comparable microstructural density and glass transition temperature to commercial

Received 17th October 2025, films, with subtle differences in ionic coordination and thermal stability. In terms of environmental assess-
Accepted 31st December 2025 ment, the optimized extraction reduced the total energy use by 62% and global warming potential by
DOI: 10.1039/d5gc05514h 17%, compared to non-optimized extraction. This work advances a scalable, lower impact process con-
rsc.li/greenchem sistent with green chemistry principles for producing alginate suitable for bio-based plastics.

Green foundation

1. This work advances green chemistry by developing a safer, scalable alginate extraction process for bio-based plastic manufacturing, reducing reliance on
hazardous reagents and resource-intensive processes and fossil-based polymers.

2. We demonstrate a low hazard sodium-citrate chelation method optimized through the design of experiments, producing high molecular weight alginate
(up to 560 kDa) with enhanced film flexibility and reduction in energy use and carbon footprint.

3. Future research will focus on closing the citrate loop through reagent recovery, trialing the established model to optimize operating conditions to produce
a molecular weight within the commercial range (~250 kDa) to balance the yield, performance and processibility, and integrating tailored plasticizers or bio-
polymer blends to improve processability for high M, applications. Model validation across varying product applications and property requirements will
strengthen industrial relevance.

1. Introduction

Growing concerns over the environmental impact of pet-
roleum-based plastics, coupled with growing attention to food
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ing sequences.>” When combined with divalent cations such
as calcium, alginate forms crosslinked networks, primarily
through G-G blocks, forming films well-suited for a range of
packaging and coating applications.>® Alginate’s functional-
ity depends on its molecular weight and mannuronic/guluro-
nic acid (M/G) ratio, which governs viscosity, crosslinking, and
mechanical performance."*™ These molecular properties are
strongly influenced by extraction parameters, including
reagent type and concentration, temperature, and reaction
time, which affect depolymerization and epimerization,
thereby modifying the alginate structure.®

Conventional sodium alginate extraction involves a series of
processes including formaldehyde pre-treatment, acid treatment,
alkali extraction, bleaching, precipitation, and drying.'” Alkaline
extraction is a critical step, as it significantly affects the alginate
yield, M,,, and M/G ratio.’® Sodium carbonate or sodium hydrox-
ide is typically used to maintain pH ~11, promoting solubil-
ization of alginate after prior acid treatment disrupts cation cross-
links in the cell wall."® However, such strongly alkaline conditions
promote f-elimination reactions that cleave glycosidic bonds,
with degradation rates increasing notably above pH 10, leading to
a substantial reduction in alginate molecular weight.'®>°
Conventional processes also rely on hazardous reagents and high
energy and water inputs, raising safety and environmental
concerns.””?* Although innovative techniques such as enzyme-
and microwave-assisted extraction have emerged, their high cost
and limited scalability constrain industrial near-term adoption.”*
Consequently, there remains a critical need for low hazard,
resource efficient extraction methods compatible with existing
processing infrastructure.

Sodium citrate has emerged as a promising chelating agent
for alginate extraction, enabling efficient solubilization of alginate
from kelp cell walls under moderately alkaline conditions without
requiring acid pre-treatment.*>* Sodium citrate facilitates multi-
dentate complexation with divalent cations and is a low hazard,
regenerable chelating agent.”**® Hazard assessments indicate
that sodium citrate exhibits only low to moderate concerns across
human and environmental endpoints,> and is listed on the U.S.
EPA Safer Chemical Ingredients List.>® This contrasts with chemi-
cals used in conventional acid-alkali extraction, including
sodium hydroxide, sodium carbonate, and formaldehyde,** the
latter of which is regulated internationally due to its classification
as a known human carcinogen and a cause of reproductive
toxicity.>”*° Citrate-based extraction has also been shown to
produce higher yields, improved purity, and reduced co-extraction
of non-alginate components.”>** Building on this work, recent
results showed that citrate extraction can substantially reduce
greenhouse gas emissions and water consumption compared to
alkaline methods while maintaining high yields.>> However, the
resulting alginate exhibited low molecular weights,>* despite
being recovered under near-neutral pH conditions that theoreti-
cally minimize B-elimination.'®'® The reduced molecular weight
compromises mechanical performance in applications such as
biodegradable films.**'

To address these gaps, this study investigates how citrate
extraction parameters govern alginate structure and perform-
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ance, linking process optimization with material functionality
in bio-based plastics. Response Surface Methodology (RSM)
was employed to model and optimize citrate extraction from
Macrocystis pyrifera by evaluating sodium citrate concentration,
temperature, and extraction time. This design of experiments
(DoE) approach reduces resource demand compared to one-
factor-at-a-time trials, while capturing both individual and
interactive effects of process variables.*>** This approach has
proven effective in modeling and optimizing both acid and
alkaline extraction steps, enhancing the functionality of algi-
nates for diverse applications including bio-inks, emulsifiers,
and antioxidant agents,>* % as well as other biomass valoriza-
tion and modelling and optimization of greener processes.** *!
A Box-Behnken design (BBD) was employed to enhance predic-
tive reliability by avoiding extreme conditions and ensuring
robust quadratic modeling.*"**

This work aims to maximize the yield and molecular
weight, validate optimal conditions experimentally, assess scal-
ability, and evaluate the environmental impact relative to non-
optimized processes. Films fabricated from optimized extracts
were tested for tensile properties, allowing direct benchmark-
ing against commercial alginates and demonstrating potential
for biodegradable packaging.

2. Methods and materials

2.1. Materials and reagents

Macrocystis pyrifera samples were purchased from Canadian
Kelp Resources, harvested in Bamfield, British Columbia,
Canada, in 2023, received rinsed and dried via an air circulat-
ing oven, and used immediately after purchase. Calcium chlor-
ide (96%, anhydrous) was from Acros Organics. Sodium car-
bonate (anhydrous) from Bio Basic Canada. Hydrochloric acid
(36.5-38.0%, ACS grade), sodium citrate dihydrate (>99.0%),
sodium hydroxide (>97.0%, ACS grade), ethanol (spectrophoto-
metric grade; 95%), calcium carbonate (>99.0%, ACS grade),
and calcium chloride (>99.0%, ACS grade) from Fisher
Chemical. Glucono-3-lactone (food grade) was from Elo’s
Premium. Commercial sodium alginate from KIMICA
Corporation I-2 (Tokyo, Japan) (M,, = 248 kDa and M/G = 1.01).
Milli-Q water was used throughout this study.

2.2. Alginate extraction

Dry kelp samples were manually broken into pieces and
ground into particles of 200-600 nm using a laboratory
blender. Subsequently, 1.2 g of powdered kelp was mixed with
36 g of sodium citrate solution at varying concentrations (0.1,
0.16, and 0.5 M), with each solution adjusted to pH 9.3 + 0.1
with 1 M NaOH (SevenCompact pH meter S220). The solution
was mixed in an incubator shaker (New Brunswick 126
Incubator Shaker) at 150 rpm at different reaction times (1.0,
2.5, and 4.0 h) and temperatures (21.0, 35.5, and 50.0 °C).
Next, the mixture was centrifuged (Sorvall LYNX 4000
Superspeed Centrifuge) at 15 000g for 35 min at 21 °C to separ-
ate the supernatant containing sodium alginate, from the
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solid kelp residue. The supernatant was acidified to pH 1.2 +
0.1 with 6 M hydrochloric acid to precipitate alginic acid. The
solution was vortexed for 30 s and centrifuged at 15 000g for
10 min at 21 °C to collect the alginic acid pellet, discarding
the supernatant to eliminate salts (Na" and Mg"), polyphenols,
laminarins, and fucoidan.

The pellet was washed twice with 5 mL of 0.1 M hydro-
chloric acid, vortexed for 30 s, and centrifuged at 15 000g for
5 min after each wash. The pellet was then resuspended in
5 mL of deionized water, neutralized to pH 7.5 with 1 M
sodium carbonate, and vortexed for 3 min. Sodium alginate
was precipitated by adding anhydrous ethanol (1:1, v/v), fol-
lowed by centrifugation at 15000g for 10 min at 21 °C. The
pellet was washed with 5 mL of 70% ethanol (1:1, v/v) and
centrifuged for 5 min. The final sodium alginate extract was
oven-dried at 40 °C until a constant weight was achieved. The
dried extract was milled using a Retsch Laboratory Mixer Mill
MM 400 equipped with a 25 mL steel ball canister at 30 Hz for
30 s. Milled samples were refrigerated in vials for future use.
The yield of sodium alginate was calculated using eqn (1).

] dry wt. of extract (g)
0 —
Yield (%) = dry wt. of algal biomass (g)

x 100 (1)

2.3. NMR spectroscopy analysis

The uronic acid composition of sodium alginate was deter-
mined using variable temperature nuclear magnetic resonance
(*H NMR) spectroscopy using a Bruker DMX-500 MHz instru-
ment at 85 °C. A 2% solution of sodium alginate was prepared
in deuterium oxide (D,0O) and analyzed in 5 mm NMR tubes.*®
The spectra were processed using MestReNova software
(Mnova), focusing on the relative integrations of three reso-
nance peaks, which correspond to distinct chemical environ-
ments. These integrations were used to calculate the fractions
of guluronic acid (G-blocks) and mannuronic acid (M-blocks),
and M/G ratio, based on established equations.***>

2.4. Molecular weight determination

The molecular weight distribution of sodium alginate samples
was characterized using Gel Permeation Chromatography (GPC).
The analysis involved the use of a Waters 2695 separation module
coupled with a DAWN HELEOS-II multiangle laser light scattering
(MALLS) detector and an Optilab T-rEX refractive index detector.
Separation was achieved using Waters Ultrahydrogel HPLC
columns, including a guard, linear, and 120 columns. The
mobile phase consisted of 10 mM phosphate-buffered 0.1 M
NaNO; at pH 7. Key parameters such as molecular weight distri-
bution, weight-average molecular weight (M), number-average
molecular weight (M,) and polydispersity index (M,/M,) were
determined to comprehensively characterize alginate samples.

2.5. Modeling and optimization using RSM

This study employed a Box-Behnken design within the response
surface methodology (RSM) framework to evaluate and optimize
the effects of extraction time (X;), temperature (X;), and sodium
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citrate concentration (X;) on the alginate yield, M/G ratio, and
molecular weight. The design was generated using State-Ease 360
software (Version 2023, State-Ease Inc., USA) and it included 12
factorial and 5 center points, totaling 17 experimental runs.
Sodium citrate concentration was modeled on a logarithmic scale
to account for nonlinear behavior across a wide range, emphasiz-
ing lower levels commonly reported in the literature.*****%*” The
corresponding sodium citrate concentrations were 0.05 M (low,
107"?%), 0.16 M (center, 107*®), and 0.50 M (high, 10°?). Table 1
summarizes the experimental ranges and coded levels for each
variable (factor).

The design assessed various combinations of the factors, and
a quadratic polynomial model in eqn (2) was used to describe the
response functions (Y) in relation to the process factors.*®

Y:ﬁ0+zﬂixi+2ﬁiiXi2+ZﬂiiXin+87 (2)

where f, is the regression intercept, and f; f; and f; are
unknown coefficients for the linear (X;), quadratic (X;*), and
interaction (X;X;) effects, and & represents the experimental
error. The significance of each term in the regression equation
was assessed.

2.6. Up-scaled sodium alginate extraction

Upscaled extraction was performed at a 20-fold increase rela-
tive to the laboratory-scale procedure (section 2.2), using the
optimized conditions identified in section 3.3. Ground kelp
(24 g) was mixed with 720 g of 0.125 M sodium citrate (pH 9.3
+ 0.1) and agitated at 150 rpm for 1 h at 49.5 °C. After extrac-
tion, solids were removed by centrifugation (15 000g, 30 min,
21 °C), and the supernatant was acidified to pH 1.2 + 0.2 with
6 M HCI to precipitate alginic acid. The precipitate was col-
lected by centrifugation (15000g, 10 min) and washed twice
with 0.1 M HCI (100 mL per wash).

The washed alginic acid was redissolved by dispersing in
Milli-Q water and neutralizing to pH 7.5 + 0.2 with Na,CO;
under stirring (350 rpm, 20 min). Sodium alginate was then
precipitated with anhydrous ethanol (1:1 v/v; ~100 mL), iso-
lated by centrifugation (15000g, 10 min), and washed twice
with 70% ethanol (100 mL per wash). Drying, milling, and
storage were conducted as described in section 2.2.

2.7. FTIR spectroscopy analysis

Fourier Transform Infrared (FTIR) spectroscopy was used to (i)
confirm the characteristic chemical structure of sodium algi-
nate extracted via the optimized upscaled process and

Table 1 Independent factors and coded levels used in the BBD
Range of factors
Factor Low-level ~ Center-level  High-level
label Factor (-1) (0) (+1)
X, Time (h) 1.0 2.5 4.0
X, Temperature (°C)  21.0 35.5 50.0
X3 Log [sodium -1.30 —0.80 —0.30
citrate (M)] (0.05 M) (0.16 M) (0.50 M)

This journal is © The Royal Society of Chemistry 2026
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compare it with that of commercial sodium alginate, and (ii)
evaluate Ca®>* carboxylate coordination in crosslinked alginate
films as a spectroscopic indicator of the relative ionic crosslink
density.

Spectra were recorded using a Cary 630 FTIR spectrometer
(Agilent Technologies) over the 4000-450 cm™ " wavenumber
range, with 64 scans at a spectral resolution of 4 cm™".
Commercial sodium alginate was analyzed as a reference
material to verify characteristic alginate absorption bands.
FTIR measurements were performed in triplicate for extracted
alginate samples and for each film formulation.

2.8. Preparation of alginate films

Plasticized films were fabricated from two sodium alginate
sources: (i) material obtained via the up-scaled optimized
extraction developed in this study and (ii) commercial alginate
(KIMICA, Tokyo, Japan). A 2% (w/v) sodium alginate suspen-
sion was prepared by dissolving 5.0 g of sodium alginate in
250 mL of Milli-Q water. The solution was homogenized with a
lab blender, and the suspension was left overnight to allow
entrained air to dissipate from the solution. Next, 140 g of the
alginate suspension was mixed with 0.8% (w/v) mannitol,
which served as a plasticizer, and 0.82 g of glucono-6-lactone.
Separately, 0.23 g of CaCO; was dispersed in 5 mL of water and
combined with the alginate solution under stirring for
20 minutes to ensure homogeneous dispersion. The resulting
uniform suspension was portioned into 35 g aliquots and cast
into 150 x 15 mm Petri dishes. The Petri dishes were covered
and allowed to internally gel for 24 h at 21 °C. Crosslinking
was achieved by adding 70 mL of 66.67 mM CaCl, containing
0.8% (w/v) mannitol. After 30 min in the crosslinking solution,
the films were rinsed three times with Milli-Q water. To mini-
mize edge curling during drying, the films were pinned along
their perimeters onto plastic wrapped boards and air dried at
21 °C for 3 days. Dried films were laser-cut into 7 x 1 cm rec-
tangular tensile samples, prepared according to ASTM D882
standards for evaluating the tensile properties of plastic
films.*°

2.9. Film characterization

2.9.1 Mechanical analysis and measurement of film thick-
ness. Prior to testing, all rectangular samples were conditioned
at 23 °C and 50% relative humidity for 24 h. Tensile properties
were evaluated using a universal testing machine (INSTRON
5565, Norwood, MA, USA), equipped with pneumatic grips and
operated at 1 mm min~".

Film thickness was measured at three random points per
film, using a digital micrometer caliper (General Ultra-Tech,
NY). For each film type, six replicates were tested. Bluehill 3 soft-
ware (Instron) was used to calculate the tensile strength, elonga-
tion at break, and Young’s modulus from the load-extension
data. The mean values were reported for each film type.

2.9.2. Film moisture content. The film moisture content
(M., %) was determined gravimetrically. Samples were con-
ditioned at 23 °C and 50% humidity for 24 hours, then dried
at 105 °C until a constant weight was achieved. The average
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moisture content from three replicates was calculated using
eqn (3):
(Wo — Wa)

0

M, (%) = X 100 (3)
where W, represents the conditioned weight, and Wy is the dry
weight.

2.9.3.
ture of film cross-sections was studied using scanning electron
microscopy (Hitachi S-4800). Dried film samples were lyophi-
lized for 22 h to remove residual moisture, and then fractured
with forceps to obtain clean cross-sectional breaks. Fractured
segments (approximately 5 x 3 mm) were stored in a desiccator
prior to analysis. For imaging, samples were mounted on 90°
aluminum specimen stubs and sputter-coated with a
10-20 nm layer of gold. Cross-sectional images were observed
using an accelerating voltage of 1 kV. Three replicates were
completed at magnifications of 10x and 100x.

2.9.4. Film thermal properties. Differential
scanning calorimetry (DSC) was performed using a TA
Instruments DSC 25 (TA Instruments, New Castle, DE, USA)
under a nitrogen purge. Film samples (4-6 mg) were sealed in
hermetic aluminum pans, with an empty hermetic pan used as
the reference. To remove residual moisture that may obscure
glass transition, samples were first lyophilized. They were then
subjected to a preheating cycle from 20 to 60 °C at 10 °C min™",
followed by cooling to 10 °C. The second heating cycle, used for
analysis, was conducted from 10 to 300 °C at 10 °C min™". At
least three measurements were performed for each film type to
ensure reproducibility. The glass transition temperature (T),
onset degradation temperature, and primary exothermic peak
temperatures were calculated from the second heating cycle
using TRIOS software (TA Instruments, New Castle, DE, USA).

Film cross-section microstructure. The microstruc-

2.10. Statistical analysis

Statistical analysis results, including p-values, F-values, lack-of-
fit tests, R*, adjusted R?, and diagnostic plots, were assessed to
determine the most suitable model for modelling the experi-
mental data. RSM modeling and statistical analysis were per-
formed using Design-Expert v22 software (Stat-Ease 360). A one-
way ANOVA was conducted to compare the yield, M/G ratio, and
molecular weight of the extracted alginate among the model pre-
dictions, validation experiment, and upscaled extraction.
Tukey’s post hoc test was performed in OriginPro 2023 to ident-
ify pairwise differences among the RSM-predicted optimized,
validated optimized, and upscaled optimized conditions.

2.11. Environmental impact assessment

This assessment quantified the chemical, energy, and water
demands of alginate extraction to evaluate environmental
trade-offs between non-optimized and optimized citrate extrac-
tion processes. The analysis focused on chemical, energy, and
water consumption, as well as global warming potential
(GWP), using a functional unit of 1 kg of sodium alginate.
Gate-to-gate boundaries included all extraction steps, with the
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yield standardized across methods. Process data were derived
from the experimental conditions in this study and from
Smith et al (2024)** for the non-optimized process, with
aligned precipitation and purification steps.

Energy requirements for heating, mixing, and solid-liquid
separation were estimated through an upscaling scenario
using literature-based industrial data, following the same
scope and assumptions as those described by Smith et al
(2024).** Drying, milling, equipment manufacture, and trans-
port were excluded for consistency with prior assessment. The
global warming potential was determined using the ReCiPe
Midpoint (H) 2016 method in openLCA*® with ecoinvent v3.5
inventory data.>® The datasets, assumptions and calculations
are detailed in the SI.

3. Results and discussion

In this study, sodium citrate-assisted extraction of alginate from
Macrocystis pyrifera was investigated using RSM. A BBD was used
to model and optimize the effects of extraction time, temperature,
and sodium citrate concentration on the extraction efficiency and
key alginate properties. In the sections that follow, the model is
validated and analyzed to assess the influence of process con-
ditions on response variables. Additional experiments were per-
formed under predicted optimal conditions to verify model accu-
racy. Finally, the optimized process was scaled up and alginate
films were developed to investigate mechanical properties.

3.1. Modelling and statistical analysis of data using response
surface methodology

The performance and validity of the fitted response surface
models were evaluated through diagnostic analyses of experi-

View Article Online

Green Chemistry

mental data for the alginate yield and physicochemical pro-
perties. Experimental values for alginate recovery, M/G ratio, and
molecular weight under the BBD are presented in Table 2. The
detailed uronic acid composition is provided in the SI (Table S1).

Using the data presented in Table 2, a quadratic model
(eqn (2)) was fitted for the three response variables (yield, MW,
and M/G ratio). The three independent variables (X3, X,, and X;)
were coded at levels of —1, 0, and 1. Residual analysis was sub-
sequently conducted to evaluate the adequacy of each model.
Diagnostic plots were used to evaluate the effectiveness of the
regression model. Fig. 1a shows the normal probability plot of
externally studentized residuals for yield and M/G ratio, which
closely follows a linear trend, confirming the assumption of nor-
mality (ie., that residuals are normally distributed). However,
the normal probability plot for molecular weight displayed
noticeable deviations from linearity (SI, Fig. S1), suggesting a
non-normal distribution. A natural logarithmic transformation
was applied to the molecular weight data, which resulted in a
close-to-linear trend, thereby justifying the necessity of data
transformation to satisfy normality assumptions.

The relationship between the predicted response values
and externally studentized residuals is displayed in Fig. 1b.
The random distribution of residuals across the predicted
values supports the assumption of homoscedasticity, indicat-
ing that the residual variance is constant across the range of
model predictions. No significant outliers were identified, as
observed in the diagnostic plots. Furthermore, the parity plot
(Fig. 1c) comparing predicted versus experimental response
values demonstrates that data points align closely with the
45-degree reference line, indicating strong agreement between
the model and experimental observations.

The experimental relationship between independent factors
and response variables, estimated from the data obtained

Table 2 Box-Behnken experimental design showing treatment conditions and corresponding observed responses for sodium alginate extraction

Factors Responses
Fraction of  Fraction of =~ Weight avg.  Numberavg.  Polydispersity
X;:time  X,:temp.  Xs: sodium  Yield M/G GG blocks, MM blocks, M, M, M., M, index, PDI
Std. order  (h) (°C) citrate (M) (% DW) ratio Fgg Fainm (kDa) (kDa) (Mn/M,,)
1 1 21 0.16 17.67 1.11 0.21 0.27 327 214 1.53
2 4 21 0.16 17.01 1.02 0.23 0.24 246 164 1.50
3 1 50 0.16 19.32 1.15 0.25 0.32 403 366 1.10
4 4 50 0.16 18.36 0.84 0.25 0.16 343 208 1.65
5 1 35.5 0.05 15.68 1.19 0.19 0.28 287 197 1.46
6 4 35.5 0.05 18.35 0.82 0.28 0.18 168 115 1.46
7 1 35.5 0.5 9.82 1.41 0.17 0.34 210 129 1.62
8 4 35.5 0.5 12.61 1.11 0.23 0.28 120 77 1.56
9 2.5 21 0.05 14.40 1.44 0.17 0.35 223 145 1.54
10 2.5 50 0.05 16.59 1.17 0.22 0.30 274 202 1.36
11 2.5 21 0.5 4.68 1.49 0.16 0.36 174 99 1.75
12 2.5 50 0.5 10.75 1.52 0.16 0.37 232 154 1.51
13 2.5 35.5 0.16 17.57 0.89 0.23 0.17 255 151 1.68
14 2.5 35.5 0.16 20.58 0.94 0.26 0.23 258 212 1.22
15 2.5 35.5 0.16 19.84 1.02 0.26 0.27 219 141 1.55
16 2.5 35.5 0.16 18.32 1.00 0.22 0.22 327 208 1.58
17 2.5 35.5 0.16 19.05 0.96 0.24 0.22 280 166 1.68

Sodium citrate concentration is presented in logarithmic form; see Table 1 for details. DW denotes dry weight.
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Fig. 1 Diagnostic plots of (A) alginate yield, (B) M/G ratio and (C) molecular weight; (a) normal plot of externally studentized residuals, (b) relation-
ship between the predicted response variables and externally studentized residuals, and (c) comparison of the predicted and experimental values of

response variables.

using the Box-Behnken design, is represented by the quadratic
polynomial equations below:

Yield (% ) =19.07 + 0.48X; + 1.41X, — 3.40X;
+0.76X,% — 1.75X,% — 5.72X3% — 0.08X,X, (4)
+0.03X,X; + 0.97X; X;

M/Gratio =0.96 — 0.13X; — 0.05X, + 0.09X3

—0.05X;% 4+ 0.13X,% + 0.23X;% — 0.06X,X, (5)
+ 0.04X,X; + 0.03X:X;

This journal is © The Royal Society of Chemistry 2026

In(M,) =5.58 — 0.19X; + 0.13X, — 0.13X;3
+0.01%,% + 0.19X,% — 0.37X3% + 0.03X,X,  (6)
+0.02X,X; — 0.01X; X3

where X;, X, and X; represent the coded factors for the extrac-
tion time, temperature, and sodium citrate concentration,
respectively. The interpretation and analysis of these equations
are given below.

Analysis of variance (ANOVA) was performed to evaluate the
statistical significance and accuracy of the estimated model

Green Chem., 2026, 28, 2846-2862 | 2851
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Table 3 Analysis of variance (ANOVA) for the models in egn (4)—(6) corresponding to the alginate yield, M/G ratio and molecular weight

Yield M/G ratio In(M,,)

Sum of  Mean Sum of  Mean Sum of  Mean
Source DF squares square F-Value p-Value squares square F-Value p-Value squares square F-Value p-Value
Model 9 269.71 29.97  12.08 0.0017 0.55 0.06 16.32 0.0007 1.26 0.14 6.69 0.0101
X, - time 1 1.84 1.84 0.74 0.4173* 0.14 0.14 36.05 0.0001 0.2962  0.2962  14.16 0.007
X, —temp. 1 15.85 15.85 6.39 0.0394 0.02 0.02 5.60 0.0498 0.1342  0.1342 6.42 0.0391
X3 - conc. 1 92.21 92.21 37.16 0.0005 0.06 0.06 16.80 0.0046 0.1411  0.1411 6.75 0.0356
XX, 1 0.02 0.02 0.01 0.9268* 0.02 0.02 4.17 0.081* 0.0038  0.0038 0.1801  0.684*
X1 X3 1 0.00 0.00 0.00 0.9707* 0.00 0.00 0.81 0.399* 0.0001  0.0001 0.0052  0.9445*
XoX3 1 3.76 3.76 1.52 0.2579* 0.00 0.00 1.31 0.291* 0.0018  0.0018 0.0842  0.7801*
Xlz 1 2.46 2.46 0.99 0.3528* 0.01 0.01 2.64 0.148* 0.0006  0.0006 0.0304 0.8666*
X,” 1 12.84 12.84 5.17 0.0571* 0.07 0.07 18.68 0.0035 0.1516  0.1516 7.25 0.031
X;> 1 137.81 137.81 55.54 0.0001 0.22 0.22 58.87 0.0001 0.5598 0.5598  26.76 0.0013
Residual 7 17.37 2.48 0.03 0.00 0.1464  0.0209
Lack of fit 3 11.68 3.89 2.74 0.1774* 0.02 0.01 2.01 0.255* 0.0597  0.0199 0.9187  0.508*
Pure error 4 5.69 1.42 0.01 0.00 0.0867  0.0217
Model statistics
R 0.94 0.96 0.90
Adj. R? 0.86 0.90 0.76
Adeq. precision 11.65 13.33 10.60
C.V.% 9.90 5.53 2.63

X1, X,, and X; denote coded factors for time, temperature, and sodium citrate concentration, respectively; R? is the coefficient of determination,
and C.V.% is the percentage coefficient of variation. *Not significant (p-value > 0.05).

and the individual terms, as shown in Table 3. The model
exhibited high F-values, which lead to small p-values (<0.05),
corresponding to the alginate yield (12.08), M/G ratio (16.32),
and molecular weight (7.38), indicating that the variation in
the response can be explained by the regression model. The
lack-of-fit test assessed whether the model accurately rep-
resents the relationship between the response and predicted
values. A p-value >0.05 indicates no significant lack-of-fit, sup-
porting a good model fit.

Model accuracy was assessed using the coefficient of deter-
mination (R?), where values approaching 1.0 indicate a strong
model fit. The R* values were 0.94 for the yield, 0.96 for the
M/G ratio, and 0.90 for the molecular weight, suggesting a
strong correlation between the model and experimental data.
The models explained 93.95%, 95.45%, and 89.59% of the
variations in yield, M/G ratio, and molecular weight, respect-
ively, under the given extraction conditions, with only small
variations (6.05%, 4.55%, and 10.41%) attributed to random
or unexplained experimental errors.

Adequate precision, which quantifies the signal-to-noise
ratio, exceeded the minimum threshold of 4 for all models,
confirming sufficient discrimination between the signal and
background noise. Furthermore, the coefficient of variation (C.
V.), used to assess model reproducibility, was determined to be
9.90% for the yield, 5.53% for the M/G ratio, and 2.15% for the
molecular weight, indicating high precision and reliability in
the regression model predictions.

To investigate the refinement of the model, an iterative
backward elimination approach was applied, where model
terms with p-values exceeding 0.100 were considered statisti-
cally insignificant. The analysis showed that removing these
terms had a negligible impact on the model’s predictive capa-

2852 | Green Chem., 2026, 28, 2846-2862

bility, as the optimization conditions and predicted results
remained unchanged. Consequently, all model terms were
retained in the regression analysis. Overall, the statistical
evaluations confirmed good regression model fit and suit-
ability for modeling and optimization.

3.2. Influence of process conditions on alginate yield and its
physicochemical properties

Response surface plots (Fig. 2) were used to analyze interaction
effects between independent variables on the yield, M/G ratio,
and molecular weight. These plots were generated from the
fitted model equations, with other variables held at their
central values (BBD center level 0 in Table 1) to visualize the
interaction between each pair. For instance, by maintaining
the extraction time at 2.5 h (Fig. 2Ac) the interaction between
chelate concentration, temperature and the resultant yield can
be visualized across their studied ranges.

3.2.1. Effect of operation parameters on the alginate yield.
The yield of sodium alginate ranged from 4.68% to 20.53%
(Fig. 2A). Among the factors examined, chelate concentration
had the most significant influence (p-value = 0.0005), with a
significant quadratic term (p-value = 0.0001) demonstrating a
trend of maximal yield near the center-level concentration,
reducing as the concentration approached low and high con-
centrations (Fig. 2A). Low concentrations likely provide insuffi-
cient chelation to disrupt divalent cation crosslinks in the
algal matrix, while high concentrations may degrade alginate
or promote side reactions.

Temperature also significantly influenced the yield (p-value
=0.0394), with higher temperatures promoting greater recovery
of alginate. These observations align closely with findings
from previous studies that demonstrated improved extraction

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Response surface plots showing the effects of extraction time, temperature, and sodium citrate concentration (chelate conc.) on the (A) algi-
nate yield, (B) M/G ratio, and (C) molecular weight of sodium alginate extracted from Macrocystis pyrifera. Lowercase subsections (a—c) show pair-
wise interactions with the third factor held constant at its center level: (a) time and temperature, (b) time and chelate conc., and (c) temperature and

chelate conc.

efficiency at higher temperatures, attributed primarily to
reductions in viscosity and enhanced mass transfer across cell
walls.>**">* Extraction time exhibited minimal influence on
the alginate yield within the experimental range tested. The SI
(Fig. S2) provides details of pre-screening experiments, indicat-
ing that a longer extraction time of 16 h improved the alginate
recovery. No significant interaction effects were detected
among variables, indicating their independent contributions
to yield.

3.2.2. Effect of process conditions on the uronic acid com-
position. The M/G ratios ranged from 0.86 to 1.46 (Fig. 2B),
with GG block fractions (Fgg) between 0.16 and 0.28 and MM

This journal is © The Royal Society of Chemistry 2026

block fractions (Fyny) between 0.16 and 0.37. Extraction time
showed the strongest linear effect (p-value = 0.0005), where
longer durations resulted in lower M/G ratios (higher G
content). This likely reflects the progressive release of Ca®*
cross-linked G-blocks, which are more tightly bound within the
cell wall matrix. As the yield increased, the G-block content also
increased (lower M/G), as shown in the SI (Fig. S3). Partial
hydrolysis of M-blocks during extended extractions may further
contribute to the shift, consistent with reports of alginate clea-
3556 Temperature and
chelating agent concentration exhibited significant quadratic
effects (p-value = 0.0022 and p-value = 0.0001, respectively), with

vage into mono- and dicarboxylic acids.

Green Chem., 2026, 28, 2846-2862 | 2853
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lower M/G ratios observed near the midpoint of the tested
ranges and higher values at both low and high extremes
(Fig. 2B). This non-linear trend may reflect a balance between
alginate release and degradation. No significant interaction
effects were indicated between process variables.

3.2.3. Influence of process conditions on the molecular
weight. The molecular weight of sodium alginate ranged from
174 to 403 kDa (Fig. 2C). The M,, was significantly influenced
by extraction time, temperature, and citrate concentration
(Fig. 2C). The extraction time exhibited the strongest influence
(p-value = 0.0071), with longer extraction times reducing M,,,
particularly at elevated temperatures and 0.16 M citrate
(Fig. 2C). This is consistent with depolymerization observed in
pre-screening (SI Fig. S2) and prior studies reporting decreased
viscosity and reduced molecular weight, attributed to alginate
depolymerization under extended extraction.’”’*® Temperature
significantly influenced M, (p-value = 0.0391), with higher
temperatures resulting in increased M,,. Moreover, citrate con-
centration exhibited a significant quadratic effect on M,
(p-value = 0.0013), with a maximum M,, at 0.13 M (Fig. 2Cb
and Cc). Concentrations above or below this optimum led to a
sharp decrease in M, with values dropping to as low as
171 kDa, independent of extraction time and temperature.
Excessive citrate may enhance chain degradation, whereas
insufficient citrate may not remove divalent cations, hindering
the extraction of alginate.

3.3. Optimization of design parameters and validation of the
model

Derringer’s desirability function was applied to integrate mul-
tiple response variables and identify extraction conditions that
simultaneously maximize the alginate yield and molecular
weight. This approach effectively combines model predictions
to achieve optimal process settings (Table 4). In this study,
maximizing yield and molecular weight was prioritized due to
their strong influence on the mechanical and functional per-
formance of alginate-based materials, while the M/G ratio was
targeted near 1 to approximate the balanced composition of
commercial alginate. Molecular weight, in particular, is a criti-
cal determinant of film strength, elasticity, and solubility.
Prior studies have shown that alginate films with higher mole-
cular weights (~300 kDa) exhibit enhanced mechanical
strength and reduced solubility relative to lower molecular
weight fractions (<200 kDa).>*** Although elevated molecular

Table 4 Objectives and parameter settings used in Derringer’'s desir-
ability function analysis for multi-response optimization of alginate
extraction conditions

Conditions for

response Lower  Upper

variable Goal Target limit limit Importance
Yield (%) Maximize — 4.68  20.58  3.00

M/G ratio Target 1.00 0.86 1.45 1.00
Weight avg. Maximize — 120.10  402.90  3.00

M,, M,, (kDa)

2854 | Green Chem., 2026, 28, 2846-2862
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weight can lead to increased viscosity and processing chal-
lenges,” this trade-off is well recognized in polymer systems
and can be mitigated through formulation modifications. The
positive correlation between molecular weight and mechanical
performance is well established across both natural and syn-
thetic polymers, including cellulose derivatives and polyethyl-
ene, where chain entanglement enhances tensile strength and
durability.®®' Reports specifically examining high molecular
weight alginate films, particularly those containing plastici-
zers, remain limited, highlighting the need for further
research into the relationship between molecular weight and
end-use functionality.

Using Derringer’s desirability function analysis, the optimal
conditions for maximizing the alginate yield and molecular
weight were determined to be an extraction time of 1 h, a
temperature of 49.5 °C, and a sodium citrate concentration of
0.125 M. Under these conditions, the model predicted a yield
of 19.42%, an M/G ratio of 1.17, and a M,, of 436 kDa
(Table 5). The composite desirability achieved a score of 0.963
(where 1 represents full desirability).®>

Triplicate experiments conducted under optimized con-
ditions validated the model’s accuracy (Table 5). The experi-
mental alginate yield (21.03 + 0.60%) was slightly higher than
the predicted value, with a relative error of 7.6%. No signifi-
cant difference was observed between the predicted and experi-
mental means, confirming the model’s accuracy for yield pre-
diction. Similarly, the molecular weight obtained experi-
mentally was 508.07 + 18.70 kDa, with a 14% relative error and
no significant difference from the predicted value, established
by Tukey’s test (p-value > 0.05), further supporting the model’s
reliability. Notably, this optimized molecular weight obtained
in this study is relatively high for Macrocystis pyrifera, exceed-
ing the typical range reported in the literature, which generally
spans from 94 to 297 kDa.*>®*"®® The only study reporting a
higher M, (700 kDa) involved the use of a hazardous chemical,
formaldehyde, a known carcinogen.”®®® Furthermore, the
experimental M/G ratio of 0.95 + 0.03 exhibited a relative error
of 23% and a statistically significant difference from the pre-
dicted value, indicating limitations in the model’s ability to
predict the uronic acid composition.

4. Upscaled optimized sodium
alginate extraction

To assess scalability and reproducibility, alginate extraction
was conducted under upscaled conditions equivalent to
20-fold the validation scale (section 2.6), processing 24 g of
dried, ground Macrocystis pyrifera. The resulting alginate yield
and physicochemical characteristics were compared to both
validation-scale and model-predicted results (Table 5).

Under upscaled optimized conditions, the yield, M/G ratio,
and molecular weight were statistically comparable to vali-
dation-scale results, confirmed by Tukey’s test (p-value > 0.05).
These findings indicate that the extraction process is reprodu-
cible and maintains alginate physicochemical properties at

This journal is © The Royal Society of Chemistry 2026
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anomeric region (950-750 cm™'), characteristic of carbo-
hydrate structures.®>”> Peaks at 930-950 cm™', attributed to
the C-O stretching vibration, were indicative of the presence of
uronic acid,”® whereas the peak at 883 cm ™" was linked to C1-
H deformation in p-mannuronic acid residues. Furthermore,
peaks within the 815-833 cm™ range were associated with
mannuronic acid residues.”>”?

The fingerprint region of the optimized upscaled sodium
alginate spectrum exhibited strong alignment with the com-
mercial reference, with characteristic absorption bands
appearing at similar positions. These findings confirm that
sodium alginate is the predominant polysaccharide in the
extracted product.

5. Film characterization

5.1. Mechanical properties

To evaluate the mechanical performance of alginate films
derived from the optimized extraction (Opt-film), tensile strength,
Young’s modulus, and elongation at break were measured and
benchmarked against films produced from commercial sodium
alginate (Com-film; M, = 248 kDa and M/G = 1.01; the detailed
commercial uronic acid block composition is outlined in the SI;
Table S2). The Opt-film had an average thickness of 80 um com-
pared to 60 pm for the Com-film. Moisture contents were com-
parable at 11.4% and 11.6%, respectively (Table 6).

The Com-film displayed a mean Young’s modulus of 3732
MPa, tensile strength of 104 MPa, and elongation at break of
9.2%. The Opt-film exhibited a correspondingly lower modulus
and strength (2091 MPa and 66 MPa), while the elongation at
break was 11%. These data indicate that the Opt-film formed a
mechanically less rigid and less strong material but can
sustain slightly greater deformation prior to failure.

Prior studies similarly document molecular weight dependent
trends. Costa et al. (2018) reported that Ca*>" crosslinked films
derived from higher M, alginates displayed a higher elongation
at break, yet higher tensile strength and modulus relative to
lower molecular weight formulations.®® Avella et al. (2007), using
non-crosslinked alginate films, observed reduced stress,
modulus, and strain at break in films prepared from higher M,
alginate compared to lower My, and noted that increasing the gly-
cerol content further decreased stiffness.”* Interpretation across
studies is constrained by differences in uronic acid composition,
which strongly influences the network architecture. G-block-rich
alginates typically form more rigid junction zones, whereas
M-block rich structures yield more flexible backbones due to
their glycosidic bond orientation. The present results reinforce
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the need for controlled, systematic evaluation of molecular
weight effects, decoupled from the uronic acid composition, on
the mechanical and thermal performance of alginate films.

5.2. FTIR spectroscopy analysis of films

FTIR spectroscopy was used to evaluate Ca®>" carboxylate
coordination in the films, providing a spectroscopic indicator
of relative crosslink density. FTIR spectra of films showed the
characteristic asymmetric (vasym) and symmetric (vgym,) COO™
stretching for both film types (Table 7).

The shifts were observed in both bands, with Com-films
showing greater shifts compared to Opt-films. The smaller band
difference, Ay, has been associated with stronger coordinated
Ca”" carboxylate interactions and denser polymer networks.”"”>”"”
The Av for Com-films was 182 cm™" and Opt-films was 188 cm ™,
indicating a less densely packed ionic network and fewer or more
loosely organized junction zones in Optfilms. These results
aligned with the mechanical results, where Com-films displayed
higher stiffness and tensile strength, while Optfilms showed
lower rigidity and slightly higher strain at break.

5.3. Differential scanning calorimetry analysis

DSC was used to determine the glass transition temperature
and thermal stability of the films (Table 8), and the thermo-
graphs are shown in the SI. Samples from both film types
exhibited a glass transition of approximately 88 °C, indicating
similar chain mobility between the Opt-film and Com-film.
The T, values measured here are higher than those reported
for alginate films containing higher moisture contents or
different plasticizers, consistent with the literature showing
that water lowers the T, by increasing chain mobility,”®”* and
mannitol as a plasticizer results in a higher T, value than
other plasticizers (i.e., glycerol, sorbitol, or isomalt).°

A broad endothermic event centered near 140 °C was
observed for both film types and corresponds to water evapor-
ation.”® A distinct endothermic peak at 218-219 °C appeared
in all thermograms, likely associated with the cleavage of
calcium-carboxyl crosslinks.”®8"#2 At higher temperatures, an

Table 7 FTIR carboxylate symmetric and asymmetric vibrational fre-
quencies for Com-films and Opt films

Film type 1(COO)sym 1(COO)asym Ay
Com-film 1408.93 + 2.64 1590.64 + 1.32 181.71 £1.32
Opt-film 1405.83 +1.08 1594.06 + 1.8 188.23 £1.86

Values are mean =+ standard deviation (1 = 3). Av = (Vagym — Veym)-

Table 6 Mechanical properties of alginate-based films prepared from upscaled optimized extract and commercial alginate (KIMICA, Tokyo, Japan)

Film type Thickness (pm)  Moisture (%)  Young’s modulus (MPa)  Tensile stress (MPa)  Tensile strain (%)
Commercial (Com-film) 60 +4 11.6 1.2 3732 £ 526 104 + 48 9.2+2
Upscaled and optimized (Opt-film) 80+ 6 11.4+0.7 2091 + 236 66+ 8 11+2

Values are presented as mean + standard deviation (n = 6).
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Table 8 Differential scanning calorimetry parameters for Com-film and
Opt-film

Thermal onset Primary exothermic

Film type Ty (°C) degradation (°C) peak (°C)
Com-film 88.43 = 0.54 219.35 £ 2.61 239.08 £ 3.91
Opt-film 88.49 + 0.42 217.77 £ 0.74 259.26 +2.82

Reported values are mean + standard deviation (n = 3).

exothermic peak associated with alginate thermal oxidation
was detected in both films.** The Com-film showed an average
exothermic peak at 239 °C, whereas the Opt-film showed
greater thermal stability, exhibiting a higher temperature peak
at 259 °C. The higher temperature exotherm is consistent with
the elevated molecular weight of the extracted alginate, which
can delay thermal breakdown through increased chain entan-
glement.®* The onset of thermal degradation and the exother-
mal peak align within similar ranges to prior reports for
calcium-alginate films,”*’® with the Opt-film showing greater
exothermic peak temperatures. Combined DSC and thermo-
gravimetric analysis (TGA) is recommended to confirm mass
loss events associated with each thermal transition.

5.4. Scanning electron microscopy

SEM cross-sectional images (Fig. 4) showed that both films
formed compact and homogeneous structures with only minor
defects. Slightly more porous edge regions were observed for
the Com-film, while the Opt-film maintained more uniform
density across the cross-section. These dense and homo-
geneous features are consistent with reports of alginate films
prepared under low-moisture conditions and with limited plas-
ticizer content.”>%>8

5.5. Effect of molecular weight on film properties

The two films displayed similar uronic acid compositions, so the
observed differences in mechanical response, COO™ band separ-
ation, and thermal behavior likely are from the higher molecular

Opt-Film

1.0kV 4.1mm x1.00k
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weight of the optimized extract (559.5 kDa, nearly two-fold that
of commercial alginate). Higher molecular weight alginates
increase solution viscosity, enhance intermolecular entangle-
ment, and strengthen chain-chain interactions, contributing to
cohesive films even when ionic crosslink density is lower. Higher
molecular weight alginates exhibit reduced gelling rates due to
slower chain diffusion during gelation.®’

As expected for high molecular weight alginate solutions,
the Opt-film formulation exhibited greater viscosity during
film casting, which can constrain processability.>® The use of
tailored plasticizers (e.g., glycerol, sorbitol, and essential oils)
or blending with compatible biopolymers may mitigate these
limitations.”*8%°%°! Nevertheless, high molecular weight algi-
nate may be advantageous in alternative applications, such as
alginate-based fibre production,”>®* surface coatings, and
composite films.*>* Future work should further investigate
sodium alginate extraction optimizing alginate molecular
weight within the commercial range (~250 kDa), using a desir-
ability function approach to balance the yield and perform-
ance. This would enable direct comparison of the extracted
alginate to commercial standards and facilitate tuning of
mechanical properties for specific applications.

6. Environmental assessment

A comparative environmental analysis was performed to assess
the energy, material, and emission impact of the optimized
upscaled versus non-optimized sodium citrate extractions. The
assessment revealed notable improvements in all three cat-
egories for the optimized process (Table 9). Full data inventory,
calculations, sources, and assumptions are provided in the SI.
Reducing the mixing duration from 16 h to 1 h decreased
electricity consumption from 149.7 MJ to 40.1 M]J, representing
the main driver of improved total energy efficiency. Although
the optimized method introduced mild heating at 49.5 °C
(17.1 MJ from natural gas), this addition was negligible com-
pared with the energy savings from reduced mixing. The opti-

Com-Film

et LB v N A

1.0kV 4.5mm x1.00k

Fig. 4 Cross-sectional SEM images of the Opt-film and Com-film at 1000x magnification, showing dense structures with minor defects. The Opt-
film exhibits a more uniform density compared to the slightly more porous edge region of the Com-film.

This journal is © The Royal Society of Chemistry 2026
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Table 9 Resource consumption (chemical and energy) and global warming contributions for optimized and non-optimized citrate-based alginate
extractions, normalized to 1 kg of sodium alginate product at an equivalent yield

Optimized
(this study)

Non-optimized (adapted
from Smith et al., 2024 *?)

Parameters and impact (kg COy-eq) (kg COz-eq)
Inputs Energy (M])
Heating (M]J) (natural gas) 17.10 —
Electricity (M]) 40.06 149.71
Freshwater (L) 196.98 196.98
Ethanol (96%) (L) 51.78 51.78
Hydrochloric acid (30% soln) (L) 10.71 10.71
Sodium carbonate (kg) 1.12 1.12
Sodium citrate (kg) 4.89 7.83
Sodium hydroxide (kg) 0.06 0.06
Impact on climate change (kg CO,-eq) Energy (total) 3.76 4.13
Heating (natural gas) 2.66 —
Electricity 1.10 4.13
Freshwater 0.30 0.30
Ethanol 54.96 54.96
Hydrochloric acid 1.23 1.23
Sodium carbonate 0.51 0.51
Sodium citrate 29.43 47.08
Sodium hydroxide 0.08 0.08
Total 90.26 108.28

mized process also required less sodium citrate (0.125 M vs.
0.2 M), further decreasing the chemical demand. Sodium citrate
remained the dominant contributor to chemical-related impact,
yet showed the largest change, decreasing from 47.1 kg CO,-eq in
the non-optimized to 29.4 kg CO,-eq in the optimized process, a
38% reduction. Still, the impact of sodium citrate on climate
change underscores the need to enable circular use. Sodium
citrate regeneration and reuse present a promising approach to
reduce resource demand and global-warming potential, as shown
by Sterner and Edlund.*® Overall, the total GWP decreased from
108.3 kg CO,-eq to 90.3 kg CO,-eq, a 20% decrease, reflecting
reduced electricity and sodium citrate consumption. The opti-
mized extraction achieved lower total energy consumption,
reduced chemical input, and decreased emissions despite the
additional heating requirement.

Compared with conventional multi-step alginate extractions
reported in prior studies, the optimized citrate process exhibits
markedly lower energy intensity and carbon footprint.
Conventional protocols typically involve sequential pre-treat-
ment, acid-mediated cation removal, and multi-stage alkaline
extraction, leading to energy demands exceeding 140 MJ kg™*
of product and elevated freshwater use due to repeated
washing and processing steps.”> The citrate-based approach
consolidates these steps into a single mild-pH operation, elim-
inating corrosive reagents and reducing water input.
Furthermore, assessments of alkaline extractions without for-
maldehyde pre-treatment reported GWP values of 987.23 kg
CO,-eq and 389.81 kg CO,-eq per kg of sodium alginate,”” con-
siderably higher than the values calculated here. Although for-
maldehyde is commonly used in alginate pre-treatment,”" its
environmental impact has received limited life cycle evalu-
ation. Mohammed et al. (2023) quantified chemical contri-
butions for alginate extraction involving formaldehyde and

2858 | Green Chem., 2026, 28, 2846-2862

reported substantial environmental impact associated with
Na,CO;, methanol, NaOCl, H,SO,, and formaldehyde used in
pre-treatment, and noted that wastewater streams contain elev-
ated sulfate concentrations from acid and bleaching steps.”®
Their study did not account for end-of-life treatment of formal-
dehyde containing waste; under the U.S. EPA’s Resource
Conservation and Recovery Act and Clean Water Act regu-
lations, these wastes must be managed as hazardous, which
can add additional processing and disposal requirements.*®
These contextual differences highlight the comparatively lower
material and energy intensity of the citrate-based extraction
evaluated in this work.

Furthermore, citrate-based alginate extraction can be
implemented using standard industrial equipment, lowering
capital investment requirements and adoption barriers.
Emerging green technologies, such as microwave- or ultra-
sound-assisted extraction, rely on high cost systems, with the
concern of commercial-scale feasibility.>! The practical scal-
ability positions the optimized citrate-based extraction process
as a more feasible pathway toward lower impact, industrial
alginate production.

7. Conclusion

Chelate-assisted extraction of sodium alginate from Macrocystis
pyrifera was successfully modelled and optimized using a Box-
Behnken design, identifying temperature, extraction time, and
sodium citrate concentration as key variables affecting the
yield, M/G ratio, and M,,. Citrate concentration was the most
influential factor, with both insufficient and excessive concen-
trations reducing the yield and producing a low M, alginate.
Extended extraction time increased the G-block content but

This journal is © The Royal Society of Chemistry 2026
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reduced the M,. Optimal conditions (49.5 °C, 1 h, 0.125 M
citrate) produced alginate with a high yield (21.0%) and a M,,
of 508 kDa, among the highest reported for Macrocystis pyri-
fera, and were reproducible at a 20-fold scale-up. In terms of
environmental performance, the optimized citrate extraction
reduced the total energy consumption by 62% and global
warming potential by 17% relative to the non-optimized
process. These improvements were driven by shorter mixing
time and lower reagent concentration, with minimal trade-offs
observed aside from an increase in heating energy.

Films fabricated from the optimized alginate exhibited
improved flexibility compared to the commercial reference.
FTIR indicated a reduced Ca** crosslink density, and DSC
showed similar T, values but higher thermal stability for the
Opt-films, observations that correspond to the measured
mechanical differences. SEM demonstrated comparable cross-
sectional densities. Together, this research provides valuable
insight into greener citrate-assisted extraction and demon-
strates how RSM can be used to tailor the alginate yield and
physicochemical properties. By controlling these structural
parameters, material properties can be tuned to enable appli-
cation specific alginate procedures for use in packaging, food,
biomaterials, and advanced functional products.
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